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ABSTRACT
The orchid genus Polystachya comprises approximately 250 species with a centre 
of distribution in tropical Africa, and also found in Madagascar, tropical Asia and the 
Neotropics. It was selected as model for phylogenetic studies because of its pantropical 
distribution, variation in ecology, morphology and ploidy, and a lack of evolutionary 
information on which to base ongoing taxonomic work. We aimed to:
1) Create a strong, genus-wide phylogenetic hypothesis using plastid DNA 
sequence data, with which to examine chromosome evolution, biogeography and the 
infrageneric taxonomy;
2) Look for reticulate evolution in the genus using nuclear and plastid data, and 
determine the origins of tetraploid Madagascan, Asian, and Neotropical species in 
more detail;
3) Use AFLP markers to examine the relationships of some closely related species 
in more detail, at the scale of the pantropical dispersal of the genus and at population 
level in two Costa Rican species.
We used 5.3 kb of DNA from two plastid regions to make a well-supported 
phylogeny for the 89 species for which material was available for molecular work. The 
plastid tree could be divided into five main clades, plus a number of species-poor, early 
diverging lineages. Separate centres of diversity are found in eastern and western 
Africa, and species found in these areas group together at deep phylogenetic levels, 
with largely separate diversification in eastern and western Africa for long periods of 
evolutionary history. There is a directional bias in dispersal from western to eastern 
Africa, with species originating in western Africa more likely to have subsequently 
become widespread whereas species originating in eastern Africa are more likely to 
have remained endemic to the region. This pattern could be due to the tendency of 
eastern African species tending to be more restricted to montane and sub-montane 
habitats, and the refugial status of these habitats during Pleistocene climatic 
fluctuations. Analysis using finer-scale distribution showed that some subclades have 
diversified within smaller geographical areas but did not give clear results at deep 
phylogenetic levels.
Genome size measurements (but not guard cell size) could be used to infer 
ploidy from 112 Polystachya accessions. Diploid genome size (1C) ranges from 0.58–1.03 
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pg whereas polyploids range from 1.10–1.80 pg. Polyploidy has occurred several times 
during the course of Polystachya evolution and in some cases has been followed by 
significant diversification; one group of tetraploids has spread rapidly and recently 
throughout the tropics. Plastid DNA from this group is uninformative about 
relationships within this group due to a low level of sequence divergence. Analysis of 
sequences from three low-copy nuclear genes as well as plastid and nuclear ribosomal 
DNA provided more information on the origins of tetraploid clades. The pantropical 
tetraploid species group had multiple origins, with the Neotropical members of the 
group arising independently from the Paleotropical members. Another group of 
tetraploids endemic to the Malagasy Islands also has hybrid origins, but from more 
genetically dissimilar parents and this is reflected in the greater range of morphological 
variation now found within the group, compared to the pantropical tetraploids. 
Although the gene trees from individual loci were incongruent, comparing them using 
methods that filtered out incongruent clades unique to a single dataset showed little 
evidence for hybridisation and introgression among diploid accessions. Incongruences 
were more likely due to limitations in the phylogenetic information available from 
individual loci.
AFLP data linked Sri Lanka and South East Asia populations with those from 
Africa and the Malagasy Islands. More detailed, population-level sampling of 
Polystachya foliosa and P. masayensis, two closely-related species of Polystachya in Costa 
Rica showed evidence of introgression in only one population from 17 sampled. In 
general the species appear genetically distinct, despite occurring in the same localities 
and having recent hybrid origins. Evidence from both nuclear low copy DNA 
sequences and AFLP markers supported the view that species concepts among the 
pantropical tetraploids should be redefined, especially within P. concreta.
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ZUSAMMENFASSUNG
Die Orchideengattung Polystachya besteht aus ungefähr 250 Arten, welche ihren 
Verbreitungsschwerpunkt im tropischen Afrika haben, aber auch auf Madagaskar, im 
tropischen Asien, und in den Neotropen gefunden werden können. Diese Gattung 
wurde aus den folgenden Gründen als Model für phylogenetische Untersuchungen 
ausgewählt:  aufgrund (a) der pantropische Verbreitung; (b) der Variabilität in 
Ökologie, Morphologie und Ploidiestufe; und (c) fehlender evolutionärer Information, 
auf welche weitere taxonomische Untersuchungen basieren könnten. 
Unsere Ziele sind (1) die Erstellung einer robusten, gattungsumfassenden 
phylogenetischen Hypothese basierend auf Chloroplasten-DNS-Sequenzdaten, anhand 
derer chromosomale Evolution, Biogeographie und infragenerische Klassifizierung 
untersucht werden soll; (2) das Herausfinden von retikulärer Evolution innerhalb der 
Gattung mit Hilfe von Kern- und Chloroplasten-DNS, die auch herangezogen werden 
sollen,  um den Ursprung der tetraploiden Arten aus Madagaskar, Asien und den 
Neotropen im Detail herauszufinden; (3) die Untersuchung von AFLP-Daten um die 
Verwandtschaft einiger nahe verwandter Arten im Detail zu studieren, einerseits auf  
Ebene von pantropischen Verbreitungsmustern der Gattung, andererseits auf 
Populationsebene von zwei Arten aus Costa Rica.
Um diese zu erreichen verwenden wir 5.3 kb von Chloroplasten-DNS zweier 
Abschnitte, um eine gut unterstützte Phylogenie für die 89 zur Verfügung stehende 
Arten zu erstellen. Der Chloroplasten-Stammbaum kann in 5 Hauptäste und einige 
artenarme, früh abzweigende Linien unterteilt werden. Separate 
Mannigfaltigkeitszentren können in Ost- und West-Afrika gefunden werden. Arten, die 
in diesen Gebieten vorkommen, gruppieren erst auf höhere phylogenetische Ebene 
zusammen, was auf mehrheitlich separate Entwicklungslinien in Ost- und West-Afrika 
für eine lange evolutionsgeschichtliche Periode deutet. Es gibt konkrete Hinweise auf 
eine Verbreitung vom westlichen Afrika ins östliche Afrika, wobei Arten mit Ursprung 
in West-Afrika sich wahrscheinlich später weiter verbreitet haben und Arten aus Ost-
Afrika eher endemisch in ihren Ursprungsgebieten blieben. Dieses Muster der 
östlichen Arten kann begründet sein durch die Tendenz der ostafrikanischen Arten in 
montanen und submontanen Habitaten vorzukommen, welche als Refugien während 
pleistozäner Klimaveränderungen gedient haben könnten. Eine Analyse von feineren 
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Verbreitungsmustern zeigte, dass sich einige Unteräste innerhalb kleinerer 
Verbreitungsgebiete diversifiziert haben, aber keine klaren Aussagen auf tieferem 
phylogenetischen Niveau zulassen.
Genomgrößenmessungen (aber nicht Geleitzellengrößenmessungen) konnten 
herangezogen werden, um Rückschlüsse auf die Ploidiestufe von 112 Polystachya-
Proben zu ziehen. Die diploide Genomgröße (1C) variiert von 0.58-1.03 pg, jene der 
Polyploiden von 1.10-1.80. Polyploidie ist mehrere Male  unabhängig während der 
Polystachya-Evolution entstanden und verursachte eine nachfolgende, stärkere 
Diversifizierung; eine Gruppe von tetraploiden Arten hat sich schnell und ziemlich 
rezent über die weltweiten Tropen ausgebreitet. Chloroplasten-DNS ist ziemlich 
uninformative um Verwandtschaftsbeziehungen  innerhalb dieser Gruppe zu 
ermitteln, weil sie ein zu niedriges Gehalt an Sequenzunterschieden zeigen. Eine  
zusätzliche Analyse der Sequenzen von drei nukleären Genen, die in niedriger 
Kopienanzahl vorhanden sind, wie auch nukleärer ribosomaler DNS (in Kombination 
mit der Chloroplasten-DNS) zeigen mehr Information zur Ermittlung des Ursprunges 
der tetraploiden Verwandtschaftsgruppen. Die pantropischen, tetraploiden Arten sind 
verschiedenen Ursprungs, wobei die neotropischen unabhängig von den 
paleotropischen entstanden sind. Eine andere Gruppe von tetraploiden Endemiten der 
madagassischen Inseln sind auch hybridogenen Ursprungs, aber von genetisch sehr 
verschiedenen Elternarten, was auch die größere morphologische Bandbreite im 
Vergleich zu den pantropisch verbreiteten tetraploiden Arten, die gegenwärtig in 
dieser Gruppe gefunden werden kann, erklärt. Auch wenn die Genealogien der 
einzelnen Abschnitte Inkongruenzen aufweisen, ein Vergleich der Stammbäume mit 
Hilfe von Methoden, die inkongruente Äste in einzelnen Datensätzen herauszufiltern, 
zeigen nur wenig Hinweise auf Hybridisation und Introgressionen zwischen diploiden 
Untersuchungsmaterial. Inkongruenzen sind wahrscheinlich  auf die in manchen 
Bereichen fehlenden phylogenetischen Informationen der einzelnen DNS-Loci 
zurückzuführen.
Die AFLP-Daten verknüpfen Populationen aus Sri Lanka und Südost-Asien mit 
jenen aus Afrika und den madagassischen Inseln. Eine detaillierte Probennahme auf 
Populationsebene der Arten Polystachya foliosa und P. masayensis, zweier nah 
verwandter Arten aus Costa Rica, zeigt Hinweise für Introgression nur in einer der 17 
untersuchten Populationen. Im Großen und Ganzen erscheinen diese Arten genetisch 
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verschieden, auch wenn sie in denselben Verbreitungsgebieten vorkommen und 
rezenten hybridogenen Ursprungs sind. Ergebnisse der verwendeten "low-copy" 
nukleären DNS-Sequenzen sowie der AFLP-Markern unterstützen die Ansicht, dass 
Artkonzepte der pantropisch verbreiteten tetraploiden Arten neu definiert werden 
sollten, speziell innerhalb P. concreta.
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Chapter 1
INTRODUCTION
1.1. PROJECT AIMS
The orchid genus Polystachya was selected as a subject for phylogenetic studies 
for the following reasons. It is species-rich, with approximately 250 species, with a 
wide distribution through the tropics. It is often a common genus throughout its 
distribution. Members of the genus are readily identifiable from certain combinations 
of floral and vegetative characters, but within these limits significant morphological 
variation can be found. Variation also exists in habitat preferences, pollination biology, 
degree of endemism and rarity/abundance of particular species. Taxonomic work is 
ongoing, but has so far lacked any evolutionary framework, necessary in the broad 
scale to recognise infrageneric groups, and at lower taxonomic levels to assess 
variation within single species.
The wide distribution of Polystachya in the Americas, Asia and Africa is a striking 
feature of it's biogeography. The dispersal of the species through the tropics was one of 
the first themes that we wanted to address within this project; but it soon became 
apparent that distribution patterns within the core of the genus in Africa would be 
worth further investigation. A first step in understanding present-day and ancestral 
distribution patterns would be a well-supported hypothesis of Polystachya evolution.
Another focus for this project has been genome evolution and the significance of 
polyploidy. It has previously been noticed (e.g. Jones, 1966) that species distributed 
away from the centres of diversity in tropical Africa (for example, in the Neotropics or 
South Africa) tend to be polyploid while the majority of the African species are diploid. 
In this study we wanted to build a bigger picture of the occurrence and significance of 
polyploidy with respect to Polystachya evolution and dispersal. 
Following these themes, this project can be divided into three parts, starting with 
genus-wide evolutionary patterns and narrowing down towards population-level 
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interactions. The study is presented here as a series of manuscripts either submitted or 
in preparation for journal publication. The first (Chapter 2) uses plastid DNA data to 
build a phylogeny of the genus and explore broad-scale distribution patterns, 
morphological variation and ploidy variation; ploidy levels are largely inferred from 
genome size measurements, Chapter 3. The third manuscript (Chapter 4) studies the 
evolution of two groups of polyploids in more detail using nuclear DNA data, as well 
as exploring the evidence for reticulate evolution among diploid species. The fourth 
(Chapter 5) uses AFLP data to focus in more detail on population relationships within 
and between two closely related Neotropical species. Chapter 6 returns to the theme of 
distribution patterns in Africa in more detail.
1.2. PHYLOGENETIC STUDIES IN ORCHIDACEAE AND EPIDENDROIDEAE
As a phylogenetics project, this study is concerned with the inference of 
evolutionary relationships between species and taxa. Methods broadly operate on the 
basis that differences between organisms accumulate over time due to evolutionary or 
stochastic processes; after a speciation event these changes (morphological differences, 
DNA sequences) accumulate independently in each daughter lineage. In previous 
decades workers based their studies on morphology, anatomy, biochemistry and other 
areas of biology in which differences between organisms could be characterised. These 
are still important aspects of phylogenetic work. With the development of the 
polymerase chain reaction (PCR) and improvements in DNA sequencing since the 
1980s, DNA sequences have been increasingly used as a source of phylogenetic 
information due to the potentially large number of polymorphic characters available 
for analysis. Developments in theory and algorithms for inferring relationships based 
on these characters have increased concomitantly (Felsenstein, 2004; Huson & Bryant, 
2006).
Orchidaceae, as a large and ubiquitous plant family, has been the subject of 
several phylogenetic studies at the family level (Cameron, 2004; Cameron et al., 1999; 
Dressler, 1993; Freudenstein & Rasmussen, 1999; Freudenstein et al., 2004). Current 
classifications recognise five subfamilies, all of which have been the subject of 
subfamily-level phylogenetic studies (Vanilloideae: Cameron, 2009; Cypripedioideae: 
Cox et al., 1997; Apostasioideae: Kocyan et al., 2004; Orchidoideae: Kores et al., 1997; 
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Epidendroideae: van den Berg et al., 2005). Many of the ca. 1700 orchid genera have 
been the subject of finer-scale phylogenetic studies examining relationships and 
evolution at the species level including the Vandeae genera Aerides (Kocyan et al., 2008), 
Holcoglossum (Fan et al., 2009) and Phalaenopsis (Padolina et al., 2005). Tribe- and 
subtribe- level phylogenies have also been published (Carlsward et al., 2006a; 
Carlsward et al., 2006b; Micheneau et al., 2008) and these have been informative in 
tracing relationships and character evolution at the genus and species level.
Information from these studies has be used to modify or confirm previous views 
of orchid classification. The higher level classification of the family into five subfamilies 
is now well established but has only emerged relatively recently; it has replaced 
numerous competing classification schemes from different authors over many decades 
(as reviewed by F. N. Rasmussen in Genera Orchidacearum vol. 1 ch. 1; Pridgeon et al., 
1999). At lower taxonomic levels, many tribes, subtribes and genera have been 
recircumscribed to accommodate our increasing knowledge of phylogenetic 
relationships (Cameron, 2005; van den Berg et al., 2009). Apart from the taxonomic 
insights from phylogenetic studies, an understanding of the relationships of species 
through time can allow us to answer evolutionary questions relating to orchids' 
biology, distributions, genomics, ecological relationships, etc. (Mant et al., 2005; Neubig 
et al., 2009; Whitten et al., 2000). The use of DNA data in this regard is especially useful 
because it avoids the circularity of using morphological characters to investigate the 
evolution of other characters that may not be selectively independent (Whitten et al., 
2000). However, analysis of both DNA sequence data (Freudenstein et al., 2004; van den 
Berg et al., 2005) and morphological data (Freudenstein & Rasmussen, 1999; 
Freudenstein et al., 2002) have shown that Polystachya has a close relationship to the 
tribe Vandeae, subfamily Epidendroideae. Recent classifications treat Polystachyinae as 
a subtribe of Vandeae (Chase et al., 2003a; Pridgeon et al., In press).
1.3. CHARACTERISTICS OF POLYSTACHYA
As a member of the large subfamily Epidendroideae, Polystachya has the typical 
herbaceous, epiphytic habit (although some terrestrial species occur) with a many-
noded rhizome, velamen-covered roots, shoots swollen at the base to form 
pseudobulbs, conduplicate leaves and caducous anthers bearing hard pollinia. Within 
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Polystachya the shape, size, colour and arrangement of organs are variable between 
species but some characteristics are reasonably consistent. Common features of 
Polystachya include shoots bearing a terminal inflorescence with sterile bracts on the 
peduncle; the peduncle bracts often form a sheath. Flowers are usually non-resupinate, 
between 5 and 15 mm in diameter, with the inner perianth segments including the 
labellum not exceeding the outer perianth. The lateral sepals are fused at the base with 
the column to form a distinctive mentum, or spur between 1/4 and 3/4 the size of the 
flower, varying from conical to broadly saccate in shape. The labellum is usually three-
lobed and can be divided into an epichile and hypochile. The central portion usually 
has a callus, which might be a different colour, and food hairs. The free part of the 
column is short and bears a single anther and two pollinia; anther development is of 
the vandoid type (Freudenstein et al., 2002).
In the field, combinations of features of the pseudobulbs, shoots and leaves, can 
enable the immediate recognition of some infrageneric groups. For example, members 
of section Superpositae have pseudobulbs arranged in branching, fusiform structures. 
Some species groups lack a pseudobulb, especially members of section Caulescentes, in 
which case the shoots are usually leafy with the oblanceolate, coriaceous leaves 
increasing in size towards the apex of the stem. Section Cultriformes is defined by 
pseudobulbs bearing a single apical leaf. Section Polychaete has small, often densely-
packed flowers. Figure 1.1. presents a selection of photographs to illustrate the 
common features of the genus and also the range of variation encountered. Species 
identifications are often easier when only sterile shoots are present than when only 
inflorescences are available (as is often the case with specimens in spirit), but usually 
both are needed to make a confident determination. Often, persistent senescent 
inflorescence can be found and together with vegetative shoots they provide enough 
information to identify a plant. 
1.4. TAXONOMIC HISTORY
Jacquin was the first botanist to describe a species of Polystachya in 1760 in his 
Enumeratio Systemica Plantarum, p. 30 under the name Epidendrum concretum, based on a 
specimen from Martinique. This description went overlooked for more than 200 years 
until its unearthing by Garay & Sweet (1974). In the meantime, Joseph Hooker 
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published the generic name Polystachya in 1824 as a monotypic genus for the species P. 
luteola (Sw.) Hook. The P. luteola epithet was illegitimate because Hooker cited 
Epidendrum minutum Aublet (1775: Hist. Pl. Guiane 2, p.824) and Cranichis luteola Sw. 
(1806: Fl. Ind. Occid. iii, p.1433) as synonyms, of which E. minutum had precedence and 
should have been the basionym. Summerhayes & Bullock (1960) found that the 
resulting confusion meant that Epidendrum minutum was not validly transferred to 
Polystachya until 1863, as a synonym of P. extinctoria Rchb.f. An earlier name Polystachya 
minuta A. Rich & Galeotti (1845: Ann. Sci. Nat., Bot. sér. 3, 3: 27) had been used for a 
different species that was then transferred to another genus, making the epithet 
unavailable for any true Polystachya.
In 1974, Garay & Sweet re-established Epidendrum concretum Jacq. as the correct 
basionym based on Jacquin’s 1760 description as well as his more detailed descriptions 
and drawings published later. At the same time they published Polystachya concreta 
(Jacq.) Garay & Sweet as a new combination, including specimens from throughout the 
tropics within a much broader species definition than had been applied previously.
To date the only revision of the whole genus is Kraenzlin’s (1926) Monographie der 
Gattung Polystachya. In this he described many new species and fifteen new sections. 
The sectional classification has since been substantially modified in stages by  
Summerhayes (Brenan & collaborators, 1954; Summerhayes, 1942, 1947) and Cribb 
(1978), but although the sections are useful for grouping together species with similar 
gross morphology for floras and revisions, they are still not consistently defined (P. 
Cribb, pers. comm). Szlachetko & Olsewski (2001) and Szlachetko et al. (2004) define 
the sections differently in Flore du Cameroun and Flore du Gabon, while Geerinck (1992) 
ignores them completely for the Flore d’Afrique Centrale. The sectional classification is 
discussed more fully in Chapter 2.
Smaller-scale revisions covering a few species or a single section have been 
published by Cribb (1978), Geerinck (1979), Podzorski & Cribb (1979) and Stevart & 
Nguema (2004). The taxonomic work carried out since 1926 by these authors and 
others in redefining species and section concepts and describing many new species, has 
made the preparation of a new revision essential to compile the wealth of information 
available on this large genus and maintain consistency in nomenclature and species 
concepts. Basic alpha taxonomy in the genus continues, with 24 new species described 
in the last ten years (IPNI, 2009). In some cases (e.g. Baranow & Mytnik-Ejsmont, 2009; 
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Figure 1.1 (overleaf). Examples of Polystachya gross morphology and variation. A: P. 
concreta whole plant with typical secund inflorescence and foliose shoots with obovate 
to oblanceolate leaves. B: P. polychaete whole plant with dense inflorescence of tiny 
flowers typical of section Polychaete. C: P. kermisina inflorescence showing unusually 
brightly coloured, wide-opening flowers. This is a high-altitude species endemic to the 
mountains of east-central Africa D: P. parva with few flowers relatively large compared 
to the size of the plant, characteristic of section Humiles. E: P. adansoniae 
inflorescence showing small flowers with a relatively large mentum. F: P. pachychila 
whole plant with a single leaf growing from the apex of each cylindrical pseudobulb, 
characteristic of section Cultriformes. G: P. affinis pendulous inflorescence. H: P. 
goetziana flowers. I: P. johnstonii whole plant. J: P. fallax flowers. K: P. galeata 
inflorescence with each large flower possessing an conspicuous mentum. L: P. laurentii 
inflorescence; shape and texture of perianth segments and leaves are similar to P. 
fallax, but P. fallax has a unifoliate pseudobulb, placing it in section Cultriformes, 
whereas P. laurentii is placed in section Affines based on its simple inflorescence and 
pseudobulbs with several leaves. A, B, C, E, F, G, I, J, K: Rudolf Hromniak, University 
of Vienna Botanical Garden. D, H, L: Isobyl la Croix.
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Figure 1.1 (caption overleaf)
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Fischer & Killmann, 2009; Stévart & Nguema, 2004; Stévart et al., 2007) these species 
descriptions have been augmented by updated keys, distribution maps and revisions 
of related taxa, greatly increasing their usefulness.
Within the orchid family, Polystachya lies within the large subfamily 
Epidendroideae. It has been noted to have a close relationship with Neobenthamia and 
the two genera comprise the subtribe Polystachyinae. Dressler (1993) also included 
Imerinaea and Hederorkis in the tribe. Imerinaea, a monotypic genus endemic to 
Madagascar is now known through DNA sequences to belong to Eulophiinae. The 
taxonomic position of Hederorkis, a small genus occurring on Reunion and the 
Seychelles, has changed several times, but DNA sequences have not yet been available 
to clarify its affinities.
Even if Imerinaea and Hederorkis are excluded, the number of genera within 
Polystachyinae is not currently decided. Reich (2006) in his diploma thesis found that 
Polystachya is only a monophyletic genus if Neobenthamia is included using the name 
Polystachya neobenthamia Schltr. Mytnik-Esjmont (2007) and Mytnik-Esjmont & 
Slachetko (2007a, b, 2008a, b, c) have segregated out six additional small genera 
containing between one and six species; so interpretations of the number of genera 
vary from one to eight. For this project we have followed the broader definition of the 
genus and included members of the smaller, segregate genera within Polystachya; one 
of the aims of the study is to identify monophyletic groups that could be recognised 
taxonomically. Whether these are then segregated as new genera or retained within the 
infrageneric classification as sections or subgenera will depend on future taxonomic 
work. This should have its basis in an evolutionary hypothesis. The International Code of 
Botanical Nomenclature (McNeill et al., 2006) strongly recommends nomenclatural 
stability at the levels of species and genus and in general Polystachya has been accepted 
as a well-defined genus for many decades, so it should not be split into several smaller 
genera without good reason.
1.5. DISTRIBUTION
Polystachya is distributed pantropically (Figure 1.2), although the main centres of 
diversity are in Africa (Dressler, 1993; Govaerts et al., 2008). The distribution is also 
largely limited to tropical regions, although a few species extend the range of the genus 
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into subtropical southern Africa. Elsewhere, the genus is found in the northern two-
thirds of South America north through Central America and the Caribbean Islands to 
Florida. Madagascar is a minor centre of endemism, and species grow on many Indian 
Ocean islands, in southern India, Sri Lanka and throughout South East Asia up to 
south eastern China. The eastern extent of the range appears to be the Maluku and 
Lesser Sunda Islands, so the eastern boundary to the range of the genus corresponds to 
Lydekker’s Line separating the Australasian continent from Wallacea and South East 
Asia. The species Polystachya concreta covers most of this range, and is the only species 
found in Asia.
This wide distribution is unusual in Orchidaceae. Out of over 1700 orchid genera, 
only 17 are present in Africa, Asia and the Americas: Bulbophyllum, Calanthe, 
Corymborkis, Dactylorhiza, Epipactis, Eulophia, Goodyera, Habenaria, Liparis, Malaxis, 
Neottia, Phaius, Platanthera, Polystachya, Spiranthes, Vanilla, and Zeuxine. From this list, 
Dactylorhiza, Neottia and Platanthera are purely Northern Hemisphere temperate 
genera, Phaius and Zeuxine are naturalised but not native in the Americas, and 
Spiranthes does not extend into tropical parts of Africa, so only 11 genera can be said to 
be pantropical, or eight if Epipactis, Polystachya and Vanilla are excluded because they 
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Figure 1.2. Global Polystachya distribution.
do not grow in Australasia. Many other genera also have wide and/or disjunct 
distributions (e.g. Pogonia, Tipularia, Gastrodia, Cymbidium).
There are numerous literature sources providing distribution data for African 
Polystachya species, including floras (Cribb, 1984; Geerinck, 1992; la Croix & Cribb, 
1998; Szlachetko & Olszewski, 2001; Szlachetko et al., 2004), partial-generic revisions 
(Cribb, 1978; Geerinck, 1979; Podzorski & Cribb, 1979) and species descriptions (e.g. 
Baranow & Mytnik-Ejsmont, 2009; Stévart & Nguema, 2004). The World Monocot 
Checklist (Govaerts et al., 2008) provides a comprehensive overview. The Distributiones 
plantarum africanarum (Geerinck, 1980a) maps herbarium collection localities for 28 
Polystachya species and Geerinck (1980b) provides collection localities of Belgian 
specimens. African distribution data are summarised here in Figure 1.3. 
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Figure 1.3. Approximate extent of Polystachya distribution in Africa as inferred from 
literature sources.
Core regions for Polystachya diversity occur on the west coast, in the lowland and 
submontane forests surrounding the Gulf of Guinea, with Cameroon and Gabon both 
holding high numbers of species. In the east, the montane forests of the Rift Valley, 
from Uganda, Rwanda, Burundi and eastern Democratic Republic of Congo south 
through Malawi, and the Eastern Arc Mountains of Tanzania and southern Kenya are 
important regions with high species diversity and large numbers of local endemics. 
The genus also grows throughout the Congo Basin. Peripheral to these main areas, 
some species such as P. microbambusa have a strongly western distribution and extend 
the western range of the genus to Senegal; P. golungensis is widespread and reaches 
semidesert areas to the north of the range, bordering the Sahara. Polystachya 
cultriformis, P. fusiformis, P. ottoniana and P. pubescens grow as far south as South Africa, 
and P. pubescens reaches the Cape of Good Hope. A few species grow in the Ethiopian 
Highlands; P. bennettiana, P. rivae and P. steudneri grow as far north as Eritrea. Chapter 2 
will discuss patterns of Polystachya diversity in Africa in more detail, with reference to 
the evolution of the genus.
1.6. POLYSTACHYA BIOLOGY IN PUBLISHED LITERATURE
1.6.1. Cytology
Chromosome counts from some species have been published, and usually give 
2n=40 or 80. Jones (1966) also reports some aneuploid counts, but during work for this 
study no convincing aneuploids were found. Orchid chromosomes are typically small, 
numerous and hard to distinguish (Pridgeon et al., 1999), and good metaphase 
preparations of Polystachya chromosomes are particularly difficult due to high levels of 
mucilage in tissues throughout the plant. These factors make them difficult to work 
with. Some aneuploid counts in the literature probably result from poor chromosome 
squashes, but it is equally possible that some aneuploids have been overlooked for the 
same reasons. Pridgeon et al. (1999) speculated that most species were tetraploid, with 
x=10, and 2n=4x=40. However, preliminary FISH data for this study labelling 
ribosomal DNA regions (Figure 1.4) show only two 5S and 35S regions in nuclei with 
40 chromosomes, suggesting that diploids have 2n=2x=40 chromosomes and 
tetraploids have 2n=4x=80, giving a basic chromosome number x=20. Many plant 
groups have undergone several rounds of ancient polyploidy and chromosome 
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reduction before arriving at their present state (Soltis et al., 2009), and this is almost 
certainly true of orchids as well (Jones, 1974). Chromosome counts from the literature 
and from this study are compiled in Chapter 2.
1.6.2. Pollination biology
There have been several studies published relevant to Polystachya pollination 
biology, but considering the size of the genus and the range of floral variation 
encountered this seems to be a largely unexplored area. Two accounts in which 
pollinator visits and pollination efficiency were observed and quantified are Pettersson 
& Nillson (1993) and Pansarin & Amaral (2006). The first of these describes deceit 
pollination in Polystachya rosea on Madagascar. Flowers of this species are pollinated by 
Lasioglossum (halictid bees) despite the absence of a food reward. Bee pollinators are 
deceived into foraging in the flowers and also use inflorescences as landmarks to 
attract mates. Strong variation in flower colour within populations appears to be an 
important factor in this strategy, as has been discovered in other orchids practising 
deceit pollination (Cozzolino & Widmer, 2005, and references therein). 
20
Figure 1.4. Polystachya fallax metaphase spreads. A: After enzyme treatment and 
Feulgen staining, showing 2n=40 chromosomes. B: After FISH labelling and DAPI 
staining; red=35S ribosomal DNA, green=5S ribosomal DNA. Each rDNA region is 
present on one pair of chromosomes. (From work done with Barbara Rupp and Hanna 
Weiss-Schneeweiss.)
Pansarin & Amaral (2006) compared breeding systems of two species in south 
eastern Brazil. Local populations of P. estrellensis exhibit pseudocleistogamy, a self-
pollination syndrome in which many flowers on the inflorescence do not open but are 
otherwise morphologically similar to chasmogamous (open, outcrossing) flowers. P. 
concreta in the same area is fully outcrossing in nature but can be artificially self-
pollinated. Pollinators for both species are a range of species from Halictidae and 
Apidae. Reis et al. (2004) characterised the floral fragrances of P. estrellensis and found 
them typical of pollen-rewarding flowers, although orchids typically do not offer a 
pollen reward to visiting insects.
Food rewards when present in Polystachya take the form of food hairs on the 
labellum (Davies et al., 2002) including in Brazilian P. concreta and P. estrellensis 
(Pansarin & Amaral, 2006). Food hair morphology varies from one- to four-celled 
setose to clavate trichomes, to multicellular, moniliform, branching structures in which 
individual cells break off forming a powdery layer of pseudopollen on the central part 
of the labellum. The powdery pseudopollen found in some species resembles that of 
Maxillaria (Davies et al., 2000). The different types of food hairs in Polystachya are all 
rich in protein; some are also provide a starch reward (Davies et al., 2002).
1.6.3. Conservation status
Polystachya species range from more or less common over a wide range to 
threatened with imminent extinction. Some orchid species have been greatly reduced 
by the actions of collectors due their intrinsic horticultural value (Koopowitz et al., 
2003). For this reason, all orchids are protected by CITES (Convention on Trade in 
Endangered Species) and their movements across international borders are restricted. 
However, Polystachya has rarely been a high-value genus in horticulture. As with most 
endangered orchids (Koopowitz et al., 2003) the less common species and those with 
restricted distributions face the more conventional threat of habitat loss. High 
concentrations of Polystachya diversity, including narrowly endemic species and all 
seven Red Listed species, are found in fragments of African and Madagascan tropical 
forest vulnerable to land use changes and utilisation for lumber and fuel (Burgess et al., 
2007; Cribb et al., 2005; Droissart et al., 2006). Some epiphytic species have specific host 
plants including arborescent Cyperaceae and Velloziaceae (Porembski, 2004), which 
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can be vulnerable to burning. A high diversity of restricted-range epiphytes including 
Polystachya species can be used to demonstrate the conservation value of a particular 
ecosystem (Stevart & Droissart, 2006).
Not all species are rare, and in suitable environments, Polystachya species can be 
among the most common epiphytic angiosperms in an area (Mucunguzi, 2008). Many 
species are tolerant of a wide range of disturbed and anthropogenic habitats 
(Nkongmeneck et al., 2002) and the capability of some species groups to disperse 
rapidly and colonise new areas will be demonstrated in the succeeding chapters.
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2.1 ABSTRACT
The pantropical orchid genus Polystachya is the subject of ongoing taxonomic 
work. We inferred phylogenetic relationships in the genus using 5.3 kb of plastid DNA, 
for 83 out of c. 240 species and 12 out of 15 sections, as well as five outgroup species. 
We also collected ploidy data using chromosome counts and genome size estimates. 
Bayesian and parsimony trees were congruent with each other and well resolved. 
Polystachya appears monophyletic based on current sampling, provided that the name 
P. neobenthamia is used instead of Neobenthamia gracilis for that species. The current 
sectional classification does not define monophyletic groups, but the present study can 
be used as the basis for a future sectional classification. Areas postulated as Pleistocene 
refugia for wet tropical forests in Africa also form centres of diversity for the genus. 
Biogeographical analyses using DIVA and Lagrange show an early radiation in eastern 
Africa, followed by separate radiations in eastern and western Africa. Subsequent 
dispersal from western to eastern Africa has occurred at a much higher rate than from 
east to west. Dispersal to the Neotropics occurred more than once, and one lineage has 
spread recently and rapidly throughout the tropics. Polyploidy has occurred several 
times during the diversification of the genus, most notably in association with the 
recent pantropical dispersal.
Keywords: Long distance dispersal, phylogenetic analysis, plastid DNA sequences, 
polyploidy, Polystachya, tropical Africa.
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2.2. INTRODUCTION
Polystachya Hook. (approximately 240 species), is an unusually broadly 
distributed orchid genus that ranges throughout the tropics (Govaerts et al., 2008), with 
some species extending into subtropical southern Africa. Dressler (1993) placed it in the 
subtribe Polystachyinae along with Hederorkis Thou., Imerinaea Schltr. and Neobenthamia 
Rolfe. Imerinaea, a monotypic genus endemic to Madagascar, has been shown with 
DNA data to be a member of Eulophiinae (Cymbideae) (Pridgeon et al., In press), and 
material of Hederorkis (two species, one each on the Seychelles and Mauritius) has not 
been available for molecular analyses. The monotypic Neobenthamia has been 
confirmed by DNA sequence data to have a close relationship with Polystachya (Reich, 
2006) and in this study we use the synonym Polystachya neobenthamia Schltr. instead of 
Neobenthamia gracilis Rolfe. In an analysis of morphological data, Freudenstein & 
Rasmussen (1999) found a close relationship between Polystachyinae and the large 
tribe Vandeae; this has been corroborated by Cameron (2001; as cited in Carlsward et 
al., 2006b) and van den Berg et al. (2005) as a sister-group relationship. Chase et al. 
(2003a) and Pridgeon et al. (2005) included Polystachyinae within a larger Vandeae. 
Carlsward et al. (2006a; 2006b) maintained a stricter definition of Vandeae in their 
studies, citing several morphological characters of Vandeae, including monopodial 
habit, loss of mucilage and tilosomes, and the presence of spherical silica bodies in leaf 
sclerenchyma, to differentiate it from Polystachyinae. 
Characteristics of the genus include a terminal inflorescence bearing one to many 
flowers arranged in a raceme or panicle. Flowers are usually nonresupinate with a 
distinctive conical mentum or spur formed from the fusion of the column foot and 
bases of the lateral sepals. The labellum is usually not much larger than the sepals and 
is partially enclosed by them when the flower is at its maximum expansion. It is 
usually three-lobed and often bears a basal callus and food hairs (farinaceous, clavate 
or setose pubescence with nutritional value, for attracting pollinating insects: Davies et 
al., 2002). The free part of the column is short and bears two pollinia and a single stipe.
Most Polystachya species are epiphytes or epiliths, but a few species including P. 
neobenthamia are terrestrial. Variation is found in the plant size, shoot and pseudobulb 
structure, inflorescence size and shape, flower number, density, size and colour, and the 
size and shape of floral organs, especially the labellum and mentum. Flower 
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morphology in orchids often appears labile, with the variation traditionally explained 
by adaptations to particular pollinator species, as reviewed for example by Waterman 
& Bidartondo (2008). In Polystachya, pollination has not been observed often, but 
halictid bees have been seen visiting P. rosea despite the lack of nectar or food hairs in 
this species (Pettersson & Nilsson, 1993), and syrphid flies have been observed visiting 
P. concreta on Reunion (T. Pailler, pers. comm.)
The last taxonomic work to attempt an account of the entire genus was 
Kraenzlin’s (1926) monograph. Since 1926, taxonomic accounts have dealt only with 
limited geographic areas for floras, or with smaller sets of taxa (e.g. Cribb, 1978; 
Geerinck, 1979; Podzorski & Cribb, 1979; Stévart & Nguema, 2004). In this time new 
species have been described and taxonomic concepts have changed considerably as 
more herbarium material has become available and more taxonomic work has been 
carried out. According to the system developed by Kraenzlin (1926), Summerhayes 
(Brenan & collaborators, 1954; Summerhayes, 1942, 1947) and Cribb (1978), the genus is 
divided into 15 sections, circumscribed by vegetative and floral characters such as the 
presence of only a single apical leaf on the pseudobulb for section Cultriformes Kraenzl. 
or a dense, small-flowered inflorescence with setose bracts for section Polychaete 
P.J.Cribb. Some sections are defined by several characters and include only one or a few 
species; others use only a few characters to group a large portion of the genus. The 
Flore du Cameroun (Szlachetko & Olszewski, 2001) and Flore du Gabon (Szlachetko et al., 
2004) used a different sectional classification from that of Flora Zambesiaca (la Croix & 
Cribb, 1998) and Flora of Tropical East Africa (Cribb, 1984). Some morphologically 
divergent species have been segregated into separate genera (Mytnik-Ejsmont, 2007; 
Mytnik-Ejsmont & Szlachetko, 2007a, b, 2008a, b, c), but there is no phylogenetic 
evidence to support these changes. A well-developed phylogenetic hypothesis should 
help clarify the infrageneric classification of the genus and might be used to redefine 
sections as a step towards a much-needed generic revision.
For an orchid genus, Polystachya has an unusually wide distribution (Pridgeon et 
al., 2005). The majority of species occur on the African mainland, with a further 20 in 
tropical America, 25 on the Indian Ocean Islands, and five species endemic to the Gulf 
of Guinea islands (Govaerts et al., 2008). In tropical Africa, most species are more or less 
restricted in their geographical range, but several are common and widespread.
26
The range of one species, Polystachya concreta (Jacq.) Garay & Sweet, extends 
throughout the Neotropical and tropical African forests to the Indian Ocean islands, 
southern India, Sri Lanka and Southeast Asia. It should be noted that this broad 
definition of P. concreta is not universally accepted. Populations of the species from 
different areas tend to differ morphologically, and one of the taxonomic problems in 
Polystachya is the delimitation of species boundaries among these widely dispersed 
populations.
The geographical and ecological range of the genus, combined with variation in 
habit and morphology make its study highly worthwhile. In particular, although the 
greatest species diversity occurs in Africa, we can look at the relationships of African 
plants to those in Madagascar, the Neotropics, and Asia. The availability of software 
for analysing geographical distributions with phylogenetic trees (Ree & Smith, 2008; 
Ronquist, 1996) allows us to start looking at large-scale patterns in the distribution of 
the genus and potential hypotheses to explain its current distribution.
Polyploidy is a common feature of some angiosperm genera, and changes in 
chromosome number within a genus have been linked to habitat variation and 
distributional patterns. Chromosome counts in Polystachya (Jones, 1966; Podzorski & 
Cribb, 1979) show some species to be tetraploid (with 2n=4x=80 chromosomes), which 
tend to be more common away from the centre of diversity of the genus in the 
Neotropics and southern Africa. This study contributes additional ploidy information 
in the form of chromosome counts and genome size estimates to gain a clearer picture 
of the role of polyploidy in Polystachya diversification and whether changes in 
chromosome number or genome size can be related to biogeographical or ecological 
factors.
In recent years, plastid DNA sequences have proved useful in orchid 
phylogenetics (e.g. Cameron, 2005; Carlsward et al., 2006b; Fischer et al., 2007; van den 
Berg et al., 2005). Among plastid DNA regions, the trnK intron and matK gene in 
particular have been a focus in plant phylogenetics (e.g. Barfuss et al., 2005; Barthet & 
Hilu, 2007; Hausner et al., 2006; Samuel et al., 2005), including orchids (e.g. Bytebier et 
al., 2007; Gravendeel et al., 2001; Micheneau et al., 2008), and on that basis, this region 
was chosen for this study. Shaw et al. (2007) identified thirteen highly variable regions 
of the plastid genome. Among these regions, initial results suggested the rps16 intron 
would be informative in Polystachya, and the further inclusion of the rps16-trnK spacer 
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allowed us to use a contiguous 5kb section of the plastid genome. During a further 
pilot study, the psbD-trnT spacer was easy to amplify and sequence and gave well-
resolved trees of a subset of Polystachya samples, with high consistency and retention 
indices (Rupp, 2008). This region was also added to the genus-wide molecular data set.
2.3. MATERIALS AND METHODS
2.3.1 Taxon sampling
The DNA Bank at the Royal Botanic Gardens, Kew, provided many of our DNA 
samples (http://data.kew.org/dnabank/homepage.html). Other material for DNA 
extraction came from plants growing at the Botanical Garden of the University of 
Vienna, including plants originating in cultivation and gathered in the wild; plants 
growing in the private collection of Isobyl La Croix in Ross-shire, Scotland; and from 
collections made by the authors in Cameroon. Voucher specimens are deposited at the 
Royal Botanic Gardens, Kew, the East Africa Herbarium in Nairobi, the National 
Herbarium of Cameroon in Yaoundé, and the Herbarium WU at the Faculty Centre of 
Biodiversity of the University of Vienna. Accessions are listed in Appendix 1.
For simplicity, we have used the broad definition of Polystachya concreta provided 
by Garay & Sweet (1974) and provide provenance information for our eleven samples 
of that species. This seems a more acceptable solution than the current convention of 
applying names to these plants based on their geographical location (P. concreta in the 
Neotropics and Asia, P. tessellata Lindl. in mainland Africa and P. mauritiana Spreng. on 
the Malagasy Islands). Each of these names encompasses plants with a range of 
ecologies and morphologies, as does P. concreta sensu lato.
Outgroup taxa were chosen to represent the most closely related genera to 
Polystachya based on preliminary sequence data, and included Adrorhizon purpurascens, 
Sirhookera lanceolata and two species of Bromheadia. Among genera included in 
published studies of Epidendroideae, Phalaenopsis is closely related to Polystachya and 
the complete plastid genome of one species is available from GenBank (Chang et al., 
2006).
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2.3.2. DNA extraction
DNA extractions were performed either at the Department of Systematic and 
Evolutionary Botany, University of Vienna or the Jodrell Laboratory, Royal Botanic 
Gardens, Kew. The protocol used in Vienna was a modification of published DNA 
extraction protocols by Doyle & Doyle (1987), Li et al. (2007) and Tel-Zur et al. (for 
polysaccharide-rich samples, 1999). DNA was extracted from living material, silica-gel 
dried material (Chase & Hills, 1991), and tissue preserved in CTAB-salt solution (3% 
CTAB, 35% NaCl: Štorchová et al., 2000). We used approximately 100 mg of tissue, fresh 
weight. Silica-gel dried material was ground with glass beads in a 2 ml microcentrifuge 
tube. CTAB-preserved material was ground in cold sorbitol buffer (100mM Tris, 0.35M 
Sorbitol, 5mM EDTA, pH 8.0, stored at 4°C, with 1% 2-mercaptoethanol and 1% PVP-40 
added just before use) and a small amount of quartz powder using a mortar and pestle. 
Fresh material was ground either in liquid nitrogen with the rapid introduction of 
sorbitol buffer or directly in sorbitol buffer with quartz powder. 
To remove mucilaginous polysaccharides, we initially mixed the ground samples 
in sorbitol buffer in 12 ml centrifuge tubes, and centrifuged for ten minutes at 3000 rcf. 
We poured off the supernatant and added fresh sorbitol buffer, and repeated the 
sorbitol buffer cleaning until there was no visible mucilage layer in the sample pellet 
after centrifugation (usually three or four rounds, sometimes more). The samples were 
transferred back to 2 ml microcentrifuge tubes and incubated for one hour at 60°C with 
700µl high-salt 3× CTAB extraction buffer (100mM Tris, 3M NaCl, 3% CTAB, 20mM 
EDTA, pH 8.0, preheated to 60°C and with 0.2% 2-mercaptoethanol and 1% PVP-40 
added just before use) and 30µl sarkosyl (30%). 700 µl chloroform/isoamyl alcohol 
(24:1) was added and the samples incubated at room temperature for 30 minutes, then 
centrifuged for ten minutes at 10000 rcf. The upper aqueous phase was transferred to a 
microcentrifuge tube and DNA was precipitated by addition of 1/10 volume sodium 
acetate (3M, pH 5.2) and 2/3 volume cold isopropanol, incubating the tubes at 4°C 
overnight. DNA was pelleted out by centrifugation at 14000 rcf for 30 minutes, and 
washed twice with 500 µl 70% ethanol, before drying and resuspension in 50 µl TE 
buffer (10mM Tris, 1mM EDTA, pH 8.0). We removed RNA using 30 µg RNase A 
(Fermentas) incubating at 37°C for 30 minutes.
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DNA extractions at the Jodrell Laboratory, Royal Botanic Gardens, Kew, were 
performed using a modification of the CTAB protocol of Doyle & Doyle (1987), 
followed by purification on caesium chloride/ethidium bromide gradients.
2.3.3. PCR amplification and sequencing
See Table 2.1 for primers used in this study. Most PCR reactions were 20 µl, 
containing 18.0 µl ABGene ReddyMix PCR Master Mix, 0.4 µl of each primer at 20 µM, 
0.8 µl bovine serum albumin (20 µg/µl, Fermentas), and 0.4 µl template DNA. Reaction 
conditions were an initial denaturation at 80°C for 5 minutes, followed by 36 cycles of 
94°C for 30 s, annealing for 30 s and 72°C for one minute. We used a final extension of 
72°C for five minutes. Annealing temperature was either 55°C or 50°C depending on 
the amplification primers used.
PCR products were cleaned by incubating at 37°C for 45 minutes, followed by 
denaturing at 80°C for 15 minutes, with one unit CIAP (calf intestinal alkaline 
phosphatase) and 10 units exonuclease I (both from Fermentas) to degrade single-
stranded DNA fragments and dNTPs in the PCR product (Werle et al., 1994). 
Sequencing reactions were carried out with 1.0 µl ABI BigDye Terminators kit per 
reaction, 1.0 µl primer at 3.2 µM, and 8.0 µl cleaned-up PCR product, using 30 cycles of 
96°C for 10 s, 50°C for 5 s, and 60°C for 4 minutes. Sequencing was performed on a 
sixteen capillary sequencer, Applied Biosystems 3130XL Genetic Analyser following 
the manufacturer’s protocols. Some samples stubbornly refused to yield readable 
sequences for certain loci, especially for the trnK intron upstream of matK due to poly-
A/T sequences, and as a result the final matrix contains some areas of missing data.
2.3.4. Sequence analysis
Sequences were edited using FinchTV 1.4.0 (Geospiza Inc.) and assembled using 
either AutoAssembler 1.4.0 (ABI) or LaserGene 7.1 SeqMan (DNASTAR Inc.) 
Alignment was performed using MUSCLE (Edgar, 2004) and manually adjusted in 
MacClade 4.08 (Maddison & Maddison, 2005) following the guidelines of Kelchner 
(2000). The sequences were analysed together as a combined matrix: rps16 intron; rps16 
exon 2; rps16–trnK spacer; trnK intron excluding matK; matK; psbD–trnT spacer. The 
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Table 2.1. Primers used in this study, in alphanumerical order. 
Primer name† Sequence Reference
matK1200For 5ʼ-GTATTGGGTCATCCTATTAGTAAACC-3ʼ This study
matK1326R 5ʼ-TCTAGCACACGAAAGTCGAAGT-3ʼ Cuenoud et al. (2002)
matK-50Fmo 5ʼ-GTTCTGACCATATTGCACTATGTATC-3ʼ This study
matK50Ror 5ʼ-TGAGCAAGTGAGTAAATAKACTCCTG-3ʼ This study
matK550For 5ʼ-TGRTTCAAATCCTTCAATGCTGGATC-3ʼ This study
matK750Ror 5ʼ-ATGTGTTCGCTCAAGAAAGACTCC-3ʼ This study
psbD 5ʼ-CTCCGTARCCAGTCATCCATA-3ʼ Shaw et al. (2007)
rps16F2mo 5ʼ-CTYGAGCCGTATGAGGARAAAACY-3ʼ This study
rpsF 5ʼ-GTGGTAGAAAGCAACGTGCGACTT-3ʼ Oxelman et al. (1997)
rpsR2 5ʼ-TCGGGATCGAACATCAATTGCAAC-3ʼ Oxelman et al. (1997)
trnKR3an 5ʼ-TCGAACCCGGAACTAGTCGG-3ʼ This study
trnKF5an 5ʼ-GTTGCTAACTCAAYGGTAGAGTACTC-3ʼ This study
trnKR5an 5ʼ-CCYTTSAGGATCAGTCGTGGTC-3ʼ This study
trnT(GGU)-R 5ʼ-CCCTTTTAACTCAGTGGTAG-3ʼ Shaw et al. (2007)
†For primers designed for this study, the suffix ʻorʼ denotes an orchid specific primer, 
ʻmoʼ – monocot specific and ʻanʼ – angiosperm specific.
trnK exons contained only invariant or (few) autapomorphic sites and were excluded 
from analyses; their inclusion would have complicated the partition models described 
below without contributing many data. Gap-rich portions of the matrix (≥50% missing 
data) were excluded from analyses, a total of 1433 sites. Of the remaining 5338 sites in 
the matrix, 794 were potentially parsimony informative.
Maximum parsimony (MP) analysis was performed in PAUP* 4.0b10 (Swofford, 
2003), using tree bisection and reconnection (TBR) branch swapping, with multrees on 
and steepest descent off. To locate topographic islands in the data set, an initial 
heuristic search was performed using 1000 random heuristic search replicates, saving 
the 10 most-parsimonious trees per replicate. The resulting 10,000 trees were used as 
the starting trees for a second heuristic search, with MaxTrees set to 50,000. Bootstrap 
percentages (BP) were obtained from 1000 replicates of TBR branch swapping, multrees 
on, and steepest descent off, saving 100 trees per replicate.
Bayesian analyses were carried out in MrBayes 3.1.2 parallel version (Altekar et 
al., 2004; Huelsenbeck & Ronquist, 2001) using the resources of the Computational 
Biology Service Unit at Cornell University (http://cbsuapps.tc.cornell.edu). Three 
analyses were performed on the same data with different systems of partitioning the 
matrix (Nylander et al., 2004). We used MrModelTest 2.3 (Nylander, 2004) to determine 
the most appropriate nucleotide substitution model in each partition and applied the 
model nominated by the Akaike information criterion (AIC) in each case. For the first 
analysis we used a single partition (i.e. the matrix was not partitioned) with the GTR+I
+G model. For the second analysis we partitioned the data into coding and non-coding 
sites with the GTR+I+G model for both partitions. For the third analysis, we used six 
partitions to allow different character evolution in the following groups: rps16 intron; 
rps16 exon 2; rps16–trnK spacer; trnK intron excluding matK; matK; psbD-trnT spacer. 
We applied the GTR+G model to the rps16-trnK spacer and the psbD-trnT spacer, and 
the GTR+I+G model to the other four partitions. For the partitioned analyses, model 
parameters were unlinked between partitions, except for tree topology and branch 
length. For each analysis, two independent sets of four metropolis-coupled Monte 
Carlo Markov chains were run with default (Dirichlet) priors for 5,000,000 generations, 
sampling every 500 generations, with a burnin of 25% and chains heated to 0.10 
(increasing the frequency of data swapping between chains compared to the default 
value 0.20, at the cost of smaller topographic distances that can be negotiated between 
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likelihood peaks). The program Tracer (Rambaut & Drummond, 2007) was used to 
confirm that the chains had reached convergence, and the effective sample size (ESS) of 
each of the parameters was high.
2.3.5. Genomic data
Chromosome counts for Polystachya species were taken from Fedorov (1969), 
Jones (1966), Podzorski & Cribb (1979), Reich (2006), and our own observations. We 
collected freshly growing roots from plants in the living collections of the Botanical 
Gardens of the University of Vienna and the Royal Botanic Gardens, Kew, and 
prepared them first by making small longitudinal incisions in the tips down to the 
meristem using a scalpel blade and dissecting microscope, as described in Jones & 
Daker (1966). They were quickly transferred to 2 mM 8-hydroxyquinoline and 
incubated for two hours in darkness at room temperature, then two hours in darkness 
at 4°C. They were then fixed in 3:1 ethanol/acetic acid and stored at –20°C.
Before staining, root tips were incubated in citrate buffer (4 mM citric acid, 6 mM 
sodium citrate, pH 4.8) for 10–15 minutes and digested for c. 70 minutes in an enzyme 
mixture (1% pectolyase Y23, 1% drieselase, 1% cellulase R10, in citrate buffer) at 37°C. 
Digested roots were transferred to citrate buffer for 20 minutes. Root meristematic cells 
were isolated from root tips and spread on microscope slides with one drop of 60% 
acetic acid, and the slides were frozen and air-dried without their cover slips. Finally, 
chromosomes were stained with DAPI (2 µg/ml), mounted in Vectashield mounting 
solution, and viewed with a fluorescence microscope.
Rupp (2008) showed that genome size estimates from flow cytometry could be 
used to infer ploidy in Polystachya. We have used data for Polystachya from Rupp (2008) 
and Rupp et al. (in prep.) [Ch. 3] in addition to chromosome counts. 
2.3.6. Distribution data
Ancestral distributions were inferred using Bayesian (Lagrange: Ree & Smith, 
2008) and parsimony based (DIVA: Ronquist, 1996) methods. Both programs require as 
input a single, fully resolved tree; the input tree for Lagrange should also include 
branch lengths. In both cases, we used the maximum clade credibility tree from the 
unpartitioned Bayesian analysis above, as calculated by TreeAnnotator v1.4.7 
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(Rambaut & Drummond, 2008) after manually removing the burnin trees from the two 
MrBayes runs and combining them in a single text file. DIVA was unable to process the 
large number of terminal taxa in a single analysis, so a series of analyses were 
performed using subtrees and summary trees to piece together the most parsimonious 
ancestral distribution.
Species distributions were recorded from literature (Cribb, 1978, 1984; Geerinck, 
1979, 1980b; la Croix & Cribb, 1998; Podzorski & Cribb, 1979; Szlachetko & Olszewski, 
2001; Szlachetko et al., 2004) and the World Monocot Checklist (Govaerts et al., 2008). 
We recorded the presence or absence of each species in five large areas covering the full 
range of the genus: i) Asia, ii) Neotropics, iii) Malagasy Islands, iv) eastern Africa and 
v) western Africa. For this study, “eastern Africa” covered the African mainland east of, 
and including, the Albertine Rift montane forests and the dry forests of Zambia, 
southeastern Democratic Republic of Congo and southeastern Angola. The area 
extends north through Ethiopia and Eritrea and south through Malawi, Mozambique, 
Zimbabwe, Swaziland, and eastern South Africa, where Polystachya pubescens extends 
the total distribution of the genus along coastal forests as far as the eastern Cape. 
“Western Africa” covered the African mainland west of, and including, the Congo 
basin and the islands in the Gulf of Guinea.
2.4. RESULTS
2.4.1. Phylogenetic analysis
The combined data matrix contained 794 potentially parsimony-informative 
sites. Maximum parsimony analysis found 50,000 equally most parsimonious trees 
before reaching the limit on the number of trees to retain in memory. Tree-length was 
2464, consistency index (CI) = 0.69, and retention index (RI) = 0.83. The strict consensus 
tree from parsimony analysis is presented in Figure 2.1. 
For Bayesian analysis, partitioning of the data matrix resulted in phylogenetic 
trees identical in topology to that from the unpartitioned matrix, with only small 
differences in clade posterior probabilities between the three partitioning schemes. 
However, the partitioned analyses produced trees that were much ‘longer’ than the 
unpartitioned analysis; that is, branch lengths were similar relative to each other 
between the analyses but the branch length scale factor increased by more than an 
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Figure 2.1. Strict consensus tree from 50,000 equally-most parsimonious trees after 
maximum parsimony analysis of the combined plastid matrix. Shortest trees had a 
length of 2464 steps, consistency index (CI) 0.69 and retention index (RI) 0.83. 
Numbers above branches are bootstrap percentages; numbers below branches are 
posterior probabilities from Bayesian analysis. Roman numerals I to V indicate the five 
main clades discussed in the text. Vertical bars to the right of the tree indicate the 
sectional classification of the genus. Ploidy is indicated next to species names, if 
known.
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Figure 2.1. (continued)
From Fig. 2.1, part 1 
(see overleaf)
order of magnitude to make the branches unrealistically long (>1 expected substitution 
per site from the base of the tree to the tips). This effect is discussed by Marshall et al. 
(2006) and might be due to not unlinking branch lengths between partitions (unlinking 
branch lengths produces a separate tree for each partition). Therefore, references here 
to Bayesian results will only relate to the unpartioned analysis, including the fully 
resolved maximum clade credibility tree (Figure 2.2) used in the ancestral area 
analyses.
Consensus trees from Bayesian inference and parsimony were similar, but the 
Bayesian tree (not shown) was more highly resolved. Polystachya adansoniae 1 and P. 
elegans were sister taxa; Polystachya laxiflora was sister to the P. transvaalensis/P. 
bennettiana clade; the backbone of clade III was better resolved with P. eurychila sister to 
a clade containing all of the P. concreta accessions; P. odorata was sister to an unresolved 
clade of P. concreta, P. foliosa, P. modesta and P. henrici accessions.
Polystachya forms a monophyletic group with good support and high sequence 
divergence from Adrorhizon, Bromheadia, Sirhookera and Phalaenopsis. Among the 
outgroup genera, Phalaenopsis has the most divergent sequence; the other three genera 
appear more closely related to each other than any is to Phalaenopsis or Polystachya.
Figure 2.1 shows the sectional classification of species included in the study. The 
species representing currently recognised infrageneric taxa do not form monophyletic 
groups. In particular, the large sections Cultriformes Kraenzl., Caulescentes Kraenzl., 
Affines Kraenzl., Humiles Summerh. and Polychaete P.J. Cribb are all polyphyletic with 
regard to the sequence data. 
The tree in Figure 2.1 can be divided into six parts for discussion, corresponding 
to five monophyletic clades with good support (BP 96–100%), numbered I to V, and a 
grade of species-poor lineages. Polystachya affinis represents the earliest extant lineage 
to diverge from the rest of the genus, followed consecutively by lineages represented 
here by P. ottoniana, P. longiscapa, a P. neobenthamia/P. dendrobiiflora clade and a clade 
represented by members of section Isochiloides Summerh., which is sister to the single 
large clade containing clades I to V (BP 100%).
Branches separating these clades are short, with just one to twelve substitutions 
(from the equally most parsimonious trees from PAUP*, not shown), but have good 
support (BP >90%), except for those combining clades I and II (BP 71%) and clades IV 
and V (BP 81%) as sister groups. Clades III, IV and V form a clade, as do clades IV plus 
37
38
Figure 2.2. Maximum clade credibility tree from Bayesian analysis of the combined 
plastid DNA data matrix. Branch lengths are proportional to the expected number of 
substitutions per site (scale bar 0.005). Roman numerals I to V indicate the five main 
clades discussed in the text. The five main distribution areas are represented by 
colours: green = eastern Africa; blue = western Africa; yellow = Malagasy Islands; red = 
Neotropics; cyan = Asia. Coloured circles next to species names indicate extant 
distribution areas for that species. Coloured circles at internal nodes represent the 
ancestral distribution results from DIVA analysis. The absence of a coloured circle at a 
node indicates ambiguous results from DIVA. Coloured branches indicate historical 
distributions from Lagrange analysis when the descendants of a node could be 
assigned to distribution areas with a relative probability > 0.90. Black branches indicate 
a lack of statistical support for any particular distribution split. Outgroup species (grey) 
were not included in the biogeographical analyses.
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part 1
V. Two accessions of P. concreta (1 and 9, from Madagascar and Réunion) form a clade 
separate from the other nine accessions of P. concreta, which fall into a polytomy shared 
with P. foliosa, P. henrici, P. odorata and P. modesta. Despite the wide range and 
morphological variation in this group, there is little sequence divergence, with no more 
than 15 base substitutions between any two accessions (0.003%).
2.4.2. Distribution
Figure 2.2 shows distribution data, both extant and ancestral as inferred from 
DIVA and Lagrange, mapped onto the maximum clade credibility tree from Bayesian 
analysis. There are two main clades of Malagasy endemics, one in clade III and the 
other in clade V. Neotropical species appear in two separate subclades in clade III. 
Specimens of P. concreta, P. foliosa, P. henrici, and P. modesta form a polytomy in clade III 
with low levels of sequence divergence between them. These specimens originate from 
places as diverse as Brazil, the Dominican Republic, Cameroon, Madagascar, the 
Comoros, Mauritius, the Seychelles, and Laos.
Considering just the division of the range of Polystachya in Africa into eastern and 
western areas, the early-divergent lineages are mostly endemic to the eastern part, 
except for P. affinis, which is widespread in tropical Africa. Other species with an 
eastern distribution are all from clades IV and V. Species with a western distribution 
are clustered in clades I and II; the species that are widespread in Africa (found in both 
east and west) are mostly found in clades I, II and III.
Lagrange was unable to suggest an ancestral distribution for the root of the 
genus; the wide extant distribution of P. affinis led DIVA to suggest an equally wide 
ancestral distribution for its common ancestor with the rest of the genus as the most 
parsimonious result. However, both methods supported purely eastern African 
distributions for the next most-basal nodes and internal branches. 
Despite the large number of widespread species in clades I and II, both DIVA and 
Lagrange suggested western African distributions for the ancestral species of those two 
clades. Similarly, both programs showed clades IV and V to be strongly eastern 
African, with at one point a species distributed in both eastern Africa and the Malagasy 
Islands giving rise to endemic eastern African and Malagasy daughter species.
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Except for the monophyletic clade of Malagasy endemics, DIVA favoured 
western African ancestral distributions in clade III, but many internal nodes have 
several equally parsimonious solutions. Lagrange gave no support to any particular set 
of geographical splits except again for the Malagasy species.
2.4.3. Genomic data
Ploidy for Polystachya species included in this study is given in Table 2.2, from 
published chromosome counts and genome size estimates, and our own data (e.g. 
Figure 2.3). The basic chromosome number for the genus is x = 20. Genome size (1C) 
values are in the range 0.60–0.92 (–0.99) pg for diploids, and 1.10–1.80 pg for 
tetraploids. The data are also shown with species names on Figure 2.1.
Polyploidy (2n = 80) has occurred in seventeen of the study species, scattered 
throughout the genus but especially in section Polystachya and in the Malagasy species 
in clade V.  For Polystachya concreta we have included more accessions in the study to 
cover the geographical range, and both diploids and tetraploids have been recorded, so 
for this species chromosome numbers are only provided in Figure 2.1 if they are known 
for that particular accession.
2.5. DISCUSSION
2.5.1. Polystachya phylogeny
This study confirms the inclusion of Neobenthamia within Polystachya (Reich, 2006; 
Schlechter, in Warburg, 1903). It is sister to P. dendrobiiflora, with which it has many 
morphological similarities, such as slender stems with a narrow, conical pseudobulb 
and distichous, linear leaves. The flowers of both are showy, thin-textured, white to 
pink in colour and borne on a slender pedicel.
From the infrageneric classification represented on Figure 2.1, the only section 
with multiple representatives to appear monophyletic based on current taxon sampling 
is section Isochiloides. Sections Polystachya Kraenzl. and Dendrobianthe Schltr. could be 
considered paraphyletic; all the other sections are polyphyletic. Morphological analysis 
will be needed to refine the sectional classification and identify morphological 
synapomorphies for infrageneric groups; many of the characters (e.g. unifoliate shoots; 
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setose bracts; superposed stems) previously used for sectional delimitation are 
homoplasious.
The sister of the rest of the genus is Polystachya affinis. Polystachya bancoensis Burg 
is not included in this analysis but has similar morphology. The two species’ 
appearance is different from other plants in the genus, with atypical large subspherical 
or flattened pseudobulbs, a pendulous inflorescence with an indumentum of brown 
hairs, and large bracts relative to the flowers. These plants belong to the large section 
Affines, but are not closely related to other members of the section sampled here, 
which are mainly found in clade IV.
The next consecutively diverging lineages are morphologically diverse and 
represented here by P. ottoniana, P. longiscapa, a clade containing P. neobenthamia and P. 
dendrobiiflora, and a clade containing the two sampled members of section Isochiloides. 
This study does not include other members of sections Dendrobianthe or Isochiloides: 
from section Dendrobianthe we lack Polystachya zuluensis L.Bolus from South Africa and 
Swaziland. Section Isochiloides contains a further nine species with distributions in 
eastern Africa. Six species are restricted to the Eastern Arc mountain ranges of 
Tanzania, and other species are found in Malawi and western Tanzania. Polystachya 
43
Figure 2.3. DAPI-stained chromosome spreads of Polystachya. Scale bars are 5 µm. 
A: P. fusiformis (2n=40); B: P. virginea (2n=40); C: P. concreta from Réunion (2n=80); 
D: P. concreta from Madagascar (2n=80).
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vaginata is more widely distributed and occurs from Kenya south to Zambia and 
Zimbabwe. 
The well-supported (BP 100) clade sister to section Isochiloides contains the 
majority of the genus. Topographically, it consists of: i) a backbone of early 
divergences, which are fully resolved but not all well supported (BP 71–100); ii) several 
large clades (our clades I to V) with good support (BP 96–100).
Clade I reunites members of section Calluniflorae Kraenzl. with section Polychaete 
(except for P. steudneri), following their separation by Cribb (1978). The western 
African species P. alpina also appears here. Section Polychaete contains c. 15 species with 
more or less dense inflorescences of small flowers with setose bracts. Polystachya 
steudneri is morphologically dissimilar to the rest of the section, with deciduous leaves, 
a secund inflorescence with a sheathed peduncle and rachis, and bracts acutely 
triangular rather than setose. 
Clade II contains species belonging to sections Caulescentes (leafy-stemmed plants 
lacking pseudobulbs) and Cultriformes, a large section (>40 spp.) defined by having 
only a single apical leaf, but which is otherwise heterogeneous. Members of this section 
in clade II include the widespread and variable P. galeata and species with similar 
morphology – generally robust plants with coriaceous leaves and fleshy flowers with a 
large mentum. Species boundaries are unclear in this group, especially between P. 
galeata, P. nyanzensis and P. fulvilabia. Our study indicates the two “P. aff. nyanzensis” 
specimens from Cameroon are more closely related to P. supfiana, also from Cameroon, 
than to a third P. nyanzensis plant grown in cultivation; this last P. nyanzensis is more 
closely related to P. galeata and P. fulvilabia from Sierra Leone and Congo, respectively. 
Also in clade II are P. tenuissima and P. bicalcarata, two species in section Cultriformes 
with grass-like leaves and small flowers borne on slender shoots.
Clade III contains several distinct subclades of morphologically diverse plants, 
but it is unresolved at the base. One comprises a group of diminutive plants endemic to 
the Malagasy Islands. They can be characterized by their small stature and 
inflorescences of small flowers opening widely, with labellums with undulate margins, 
short side-lobes and a horn-shaped central callus. There are also two clades of plants 
belonging to section Polystachya, characterised by short, leafy stems with an obscure 
pseudobulb, oblanceolate to obovate leaves, and either racemose or paniculate 
inflorescences, commonly secund, with a sheathed peduncle. Some members have 
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moniliform labellar food hairs, as opposed to clavate or setose in other sections (Davies 
et al., 2002). This is the only section to have spread to the Neotropics and Asia. There 
are c. 20 species in the Neotropics, including P. concreta, for which the range also 
extends through Africa, the Indian Ocean, and Southeast Asia. 
Species delimitations in this section are difficult; for example the definition of P. 
concreta applied by Garay & Sweet (1974) is not widely accepted, with the synonym P. 
tessellata still generally used for plants on mainland Africa, either P. mauritiana, P. 
tessellata, or P. concreta for plants on Madagascar and the Indian Ocean Islands, and P. 
concreta used in the Neotropics and Asia. Phenotypes represented by the synonym P. 
estrellensis Rchb.f., for example, are sometimes maintained as a separate species. On 
mainland Africa, there is variation in flower colour, including plants with concolor 
yellow or purple flowers. Similar variation exists in other areas, with orange, white, 
and pink forms occurring in Madagascar and other Indian Ocean islands. Nine 
samples out of eleven in this study, from Africa, Madagascar, Indian Ocean islands and 
the Neotropics, fall into a polytomy shared with P. foliosa, P. henrici, P. odorata, and P. 
modesta. Another two P. concreta accessions, from Madagascar and Réunion, belong to a 
different clade with P. pinicola (Neotropical) and P. golungensis. Assuming correct 
identification of the specimens and reliable data collection and analysis, reasons for P. 
concreta specimens falling into two different clades include morphological homoplasy 
to the extent that unrelated plants can be assigned to the same morphological species; 
introgression and plastid capture (Rieseberg & Soltis, 1991) between P. concreta and 
plants in the P. pinicola/P. golungensis clade; or multiple hybrid origins (Soltis & Soltis, 
1999) of P. concreta tetraploids (we have so far found only tetraploid P. concreta outside 
mainland Africa and the Gulf of Guinea islands, but we cannot say yet say that they are 
allotetraploids), with one parent species contributing the plastid genome in some 
populations and the other parent contributing the plastid genome in others. At present 
we cannot rule out any of these possibilities, although future analysis of nuclear DNA 
sequences might provide additional evidence.
In clade IV, members of section Superpositae Kraenzl. (excluding P. oreocharis) and 
Kermisinae P.J.Cribb together form a subclade; they are characterised by their fusiform 
pseudobulbs, superposed in branching structures. Inflorescences are racemose or 
paniculate, lax, bearing medium-sized flowers with a prominent cylindrical mentum. 
The other members of clade IV belong to sections Affines and Humiles. They are 
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morphologically consistent within the clade but not necessarily within their respective 
polyphyletic sections; the accessions in clade IV are small plants with conical, clustered 
pseudobulbs and relatively large, fleshy flowers in a simple raceme. Species ranges are 
confined to an arc across eastern Africa, from Kenya and Uganda, south along the Rift 
Valley and neighbouring mountain ranges into Zambia, Zimbabwe, Mozambique, and 
South Africa. Species ranges in the section Superpositae/Kermisinae clade also conform 
to this distribution, with two exceptions: P. fusiformis is more widely distributed across 
tropical Africa and the Indian Ocean; P. superposita Rchb.f. (not included here) is 
restricted to western Africa, from Cameroon to Gabon.
Clade V includes the remaining species of section Cultriformes and also two 
species from section Affines and a separate clade of Malagasy endemics characterized 
by a robust habit, ligulate or oblanceolate leaves and fleshy, often brightly coloured 
flowers. Except for the Malagasy endemics and the widespread P. cultriformis, all 
species in clade V are restricted to eastern or east-central Africa. The members of 
section Cultriformes in this clade are heterogeneous, from the robust P. cultriformis to the 
diminutive P. vulcanica and P. caespitifica. The section as a whole is shown here to be 
polyphyletic, with the defining characteristic of a single leaf below the inflorescence 
probably having evolved in two separate clades. The clade V Madagascan endemics 
appear to have arisen from this group but subsequently lost the single-leaved habit.
2.5.2. Distribution
There have been at least two separate dispersals of Polystachya to the Neotropics. 
Increased taxon sampling of Neotropical species may reveal more dispersal events. 
Neotropical P. pinicola is sister to the African P. golungensis, suggesting a transatlantic 
dispersal from Africa to South America. The other Neotropical species, P. foliosa and P. 
concreta, are closely related to each other and to African, Malagasy and Asian plants, 
with no resolution in the tree and little sequence divergence. The group is nested 
within mainland-African species such as P. odorata and P. dolichophylla. This suggests a 
recent dispersal from Africa to tropical forests across the Indian Ocean, southern and 
southeastern Asia, and the Neotropics. More resolution in this group might be obtained 
using other data sources such as nuclear DNA sequences or AFLP markers, but the 
dispersal routes and possible biological factors allowing such a rapid sequence of long 
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distance dispersals are well worth further study. Examples of biological factors could 
include improved wind or other vector dispersal (Nathan, 2006; Nathan et al., 2002), 
less specific substrate or mycorrhizal requirements for germination and survival of 
seedlings (Bidartondo & Read, 2008), and/or the ability of pioneering individuals to 
found colonies through vegetative reproduction or selfing or apomixis (Hörandl et al., 
2008; Mogie et al., 2007). The phenomenon of long distance dispersal is complex, but 
absolutely important in plant evolution (Cain et al., 2000). 
There are two main clades of Malagasy endemics, one in clade III consisting of 
miniature species with white or pale pink flowers; another in clade V consisting of 
larger plants with coriaceous and often glaucous foliage and usually brightly coloured 
flowers. From branch lengths (Figure 2.2) and phylogenetic position, this species group 
in clade V is a more recent dispersal and derived from section Cultriformes.
Considering the plants on mainland Africa, two centres of diversity were 
apparent from the literature studied: i) east-central Africa associated with the Eastern 
Arc Mountains and the Albertine Rift Highlands of the Democratic Republic of Congo, 
Uganda, Rwanda and Burundi south into Malawi; ii) west-central Africa associated 
with the highlands of southwest Cameroon and the coastal and moist lowland forests 
surrounding the Gulf of Guinea. The former corresponds to montane and sub-montane 
rainforests that have long been recognized as bearing ancient and highly endemic 
floras (e.g. Burgess et al., 2007; Fjeldså & Lovett, 1997). The western area corresponds 
well with the inferred areas of lowland tropical forest during Pleistocene dry periods 
and glacial maxima (Nichol, 1999). The different species compositions of eastern and 
western Africa reflect an ancient phylogenetic division between the two areas, followed 
by more recent dispersal. The early-divergent lineages are mostly endemic to the 
eastern area (especially the Eastern Arc Mountains) as are clades IV and V. Few species 
in these groups can be found in both western and eastern areas, exceptions being P. 
affinis and P. cultriformis, although clade V also contains a clade of Malagasy endemics 
as discussed above. By contrast, species endemic to the western area are mostly 
restricted to clades I and II. They are associated with a large number of species with 
wide distributions across tropical Africa. Many of these species are common in 
anthropogenic habitats such as coffee plantations and villages, as well as open 
woodland and disturbed forest.
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The results from DIVA show at least eighteen dispersal events from western to 
eastern Africa, compared to just three from eastern to western. However, it is possible 
that DIVA provides more concrete ancestral area results than are merited by the data. 
For example, several of the internal nodes in clade III are given western African 
distributions, based purely on the extant distribution of P. dolichophylla in western 
Africa. If this one species had an eastern African distribution, the relationship between 
eastern and western Africa in this clade according to DIVA would be reversed, with 
ancestral nodes being assigned to only eastern Africa. Our results from the likelihood-
based Lagrange are more conservative, with fewer strongly supported inferences of 
ancestral area. This more accurately reflects the inherent uncertainty of ancestral area 
analysis (e.g. Xiang & Thomas, 2008), especially in a scenario such as this with 
incomplete taxon sampling, an inability to represent phylogenetic uncertainty in the 
analysis, and no fossil evidence to assign areas to internal nodes a priori. However, 
where Lagrange does give well-supported results, they agree with the results from 
DIVA, and both programs support the conclusion of greater dispersal from western to 
eastern Africa from ancestral lineages that were endemic to those areas for long periods 
of time. 
It is possible that the restriction of African wet forest plants to refugia during 
Pleistocene dry periods (Coetzee, 1964; Cohen et al., 2007; Nichol, 1999) has had a big 
impact on the patterns of diversity that we see today. For example, during these 
periods there may have been a strong selection in western Africa for plants that were 
better dispersers or more catholic in their ecological preferences. Cohen et al. (2007) 
thought it likely that stable African refugia would be difficult to locate, and 
biodiversity was instead concentrated successively in different areas during cycles of 
extreme climate change. The eastern African Polystachya species tend to occur more in 
montane and submontane forests, areas with high ecological heterogeneity, and might 
have been better able to adjust to changing climatic conditions through elevational 
range fluctuation over short geographical distances (Ehrich et al., 2007; Kiage & Liu, 
2006) than the more lowland, western African plants. Eastern African montane 
vegetation may have been more extensive during the Pleistocene dry periods than they 
are today (Ehrich et al., 2007; Wronski & Hausdorf, 2008). In spite of more frequent 
dispersal from western to eastern Africa in recent periods, the presence of several early 
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diverging clades of eastern African species suggests an early radiation of the genus in 
eastern Africa and subsequent spread.
2.5.3. Genome evolution
There have been at least eight instances of tetraploidy in Polystachya. In some 
cases speciation has occurred subsequently giving rise to tetraploid clades; in other 
cases two ploidy states occur within a species. This frequency and scattered 
distribution of polyploidy is unusual in Orchidaceae. It may reflect hybrid speciation 
and may have had a significant impact on the evolution of some lineages. Chromosome 
counts and genome size measurements from a greater range of species and individuals 
would giver a fuller picture of the extent of polyploidy; in this study we have been 
limited by the availability of living plants.
Notably, all members of the P. concreta species group that have dispersed outside 
Africa, for which data are available, are tetraploid; mainland African plants can be 
diploid or tetraploid, and their African sister-species are diploid. Correlation between 
polyploidy and greater dispersal has been observed in some plant groups (Brochmann 
et al., 2004; Hijmans et al., 2007; Lowry & Lester, 2006) and could be due to the 
development of uniparental reproduction, increasing the ability of pioneer plants to 
establish new populations; or it could be due polyploids being better able to establish 
in suboptimal habitats because they express a novel combination of genes. This is a 
complex phenomenon reviewed for example by Mogie et al. (2007). However, it is not a 
universal trend (Barringer, 2007; Hörandl, 2006; Stebbins & Dawe, 1987). Further 
research would be desirable into breeding systems, mycorrhizal ecology and 
physiological tolerances of this species group compared to, for example, diploid P. 
pinicola, which is also found in South America, and related African Polystachya species.
The origins of the tetraploids are of particular interest, and our understanding of 
this and other aspects of Polystachya evolution could be improved, for example, by 
adding data from the nuclear genome (e.g. van den Hof et al., 2008). This work is 
ongoing, and future analysis of nuclear data may reveal the nature of reticulation that 
might have occurred and give a fuller picture of the evolution of the genus.
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Genome size in Polystachya (Orchidaceae) and relationship with 
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3.1. ABSTRACT
The pantropical orchid genus Polystachya comprises approximately 230 species 
with variation in ploidy. For ongoing phylogenetic investigations in this genus 
knowledge of of ploidy of the different species is necessary. We collected genome size 
data using flow cytometry (FC), from which ploidy levels could be inferred. We looked 
for a correlation between genome size and guard cell length, so that we could estimate 
ploidy from preserved material and from plants containing high levels of mucilage that 
are difficult to analyze by flow cytometry (FC).
Diploid, tetraploid and hexaploid individuals with genome sizes ranging from 
0.58 pg to 1.80 pg (1C values) were found. Guard cell length ranged from 15 µm up to 
39 µm. The minimum guard cell length was greater in polyploids, but diploid species 
had a large range of guard cell lengths that included the cell size range of the 
polyploids. Although previous studies have found that guard cell length can be used to 
estimate ploidy in cases where the genome size range is large, this may not be 
applicable in genera with a small genome size, such as Polystachya.
Keywords: Flow cytrometry, genome size, guard cell size, Orchidaceae, Polystachya.
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3.2. INTRODUCTION
In angiosperms the genome size or 1C value (the DNA amount in an 
unreplicated gametic nucleus; for further definition see Greilhuber et al., 2005) varies 
nearly 2000-fold, from 0.065 pg in Genlisea margaretae (Lentibulariaceae; Greilhuber et 
al., 2006) up to 127.4 pg in tetraploid Fritillaria assyriaca (Liliaceae; Bennett & Smith, 
1976). Most variation in DNA amount is due to different amounts of noncoding, 
repetitive DNA such as pseudogenes, retrotransposons and satellite repeats (Leitch, 
2007). Plants that have to cope with permanent stress such as drought (Chase et al., 
2005) or pollution (Vidic et al., 2009) have small genomes whereas endangered species 
tend to have bigger genomes (Vinogradov, 2003). Large-scale investigations have also 
revealed correlations between genome size, ecological adaptations and phenotypic 
characters (reviewed in Knight & Beaulieu, 2008; Knight et al., 2005).
The general correlation between genome size and cell size has been known for 
some time (Bennett, 1972; Mirsky & Ris, 1951; Price et al., 1973). In plants, this 
correlation has been found in many species, encompassing the range of diversity in 
angiosperms (Beaulieu et al., 2008; Bennett, 1972, 1987; Knight & Beaulieu, 2008; Knight 
et al., 2005) and also within species with varying ploidy (e.g. Kudo & Kimura, 2002; 
Melaragno et al., 1993; Mowforth & Grime, 1989). In particular, guard cells (specialised 
epidermal cells that in pairs form the stomata on leaf surfaces) have shown a robust 
correlation with genome size (Knight & Beaulieu, 2008; Masterson, 1994), and this has 
led to their use as proxies for genome size or ploidy in studies where obtaining fresh 
plant material is difficult or impossible (Masterson, 1994). Guard cells are particularly 
suited for such studies for the following reasons. (i) They do not divide and hence do 
not replicate their DNA but remain at G1 phase of the cell cycle (Melaragno et al., 1993). 
This means that unlike most other plant cell types, there is little chance for guard cells 
to undergo endopolyploidy. (ii) In contrast to many cell types, the vacuole is relatively 
small and does not enlarge the cells disproportunately. (iii) Guard cells are readily 
accessible for study, not only in fresh material but also in herbarium and fossil 
material.
To date, correlations between genome size and guard cell length have been 
observed in higher taxonomic surveys across angiosperms (Beaulieu et al., 2008) as well 
as at lower taxonomic levels within genera or even at intraspecific levels. Examples are 
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Vanilla planiflora, Orchidaceae (Bory et al., 2008); Aegilops neglecta, Poaceae (Aryavand et 
al., 2003); Acacia mearnsii, Fabaceae (Beck et al., 2003); Actinidia deliciosa, Actinidiaceae 
(Przywara et al., 1988). For example, in Vanilla planiflora a narrow range of guard cell 
sizes was observed (37.65–48.25 µm; 10.6 µm difference) but this correlated well with 
genome size (4.83–10.38 pg; 2.2-fold variation) and enabled the different ploidies to be 
distinguished on guard cell size alone (Bory et al., 2008). Besides this Vanilla planiflora 
study there has been little research on genome size/guard cell size correlations in 
orchids and since genome size estimation using flow cytometry (FC) has been 
problematic in some orchids (J. Suda pers. comm.; Leitch et al., 2009), it was decided to 
test whether such a correlation between genome size and guard cell size held for the 
orchid genus Polystachya.
The genus Polystachya was first described by William J. Hooker in 1824. It belongs 
to subfamily Epidendroideae, tribe Vandeae, subtribe Polystachyinae (Chase et al., 
2003a; van den Berg et al., 2005). It comprises ca. 250 species and is pantropical with the 
centre of diversity (ca. 200 species) in Africa. It is easily recognised by floral characters 
such as non-resupinate flowers (in nearly all species) and a conspicuous mentum (chin-
shaped hood from fusion of the lateral sepals and the column foot). The inflorescence is 
always terminal and bears one to many flowers that vary in size, colour and 
morphology of the mentum and lip. All Polystachya species show sympodial growth 
and stems usually form pseudobulbs that are clustered or spaced out along a creeping 
rhizome. Most species are epiphytes but there are also some terrestrial and lithophytic 
species. As in many other Epidendroideae genera, the basic chromosome number of 
diploid Polystachya species is x=20 giving a diploid chromosome number 2n=40 with 
some small variation (Blumenschein, 1960; Fedorov, 1969; Hoffman, 1930; Jones, 1966; 
Podzorski & Cribb, 1979). Tetraploid and hexaploid chromosome counts have also been 
recorded; chromosome count data are collected in Russell et al. (2009) [Ch. 2].
Prior to this study no genome size or guard cell size data were available for 
Polystachya. The aim of this study was twofold: (i) to assess the diversity of genome 
size, ploidy and guard cell size across Polystachya to complement ongoing phylogenetic 
studies based on plastid and nuclear DNA sequences (Russell et al., 2009 and subm.) 
and (ii) to see whether guard cell size can be used reliably as a proxy for genome size to 
enable genome size and/or ploidy to be estimated from herbarium as well as fresh 
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material. For phylogenetic studies using low-copy nuclear genes, these data are 
particularly relevant.
3.3. MATERIALS AND METHODS
3.3.1. Genome size estimation
120 Polystachya accessions were included in the study (112 individuals, 58 
identified species, four unidentified samples). Based on molecular phylogenetic results 
(Russell et al., 2009) we have included Neobenthamia gracilis within the genus 
Polystachya, as P. neobenthamia. All living material was taken from either the living 
collection of the Botanical Garden of the University of Vienna (HBV) or the Royal 
Botanic Gardens, Kew (RBG, Kew). For genome size estimations, actively growing root 
tips or young leaf tips were used. As internal standards for genome size measurements, 
we used leaf tissue from young plants of Pisum sativum 'Kleine Rheinländerin' (1C = 
4.42 pg; Greilhuber & Ebert, 1994) or Zea mays 'CE-777' (1C = 2.73 pg; Doležel et al., 
1998) grown in the lab.
Genome size was calculated using flow cytometry (FC), following the protocols 
of Temsch (2003) and Doležel et al. (2007). Until use, the tissues were kept in a moist 
and cool chamber for up to one week. The preparation of samples followed Galbraith et 
al. (1983). From samples where fresh root tips were available approximately 25 mg of 
root tissue was chopped together with 20 mg of leaf tissue from the standard in 1.1 ml 
isolation buffer (0.1 M citric acid, 0.5% Triton X-100, pH 1.5). This cell suspension was 
filtered through a 30 µm nylon mesh to remove the larger cell debris. To remove RNA, 
150 µg RNase A was added to the nuclei suspension and incubated at 37°C for 30 
minutes. The samples were stained with 2 ml propidium iodide solution (0.4 M 
disodium hydrogen phosphate, 0.1 mM propidium iodide) for 1.5 hours at 4°C. For 
samples for which no fresh root tips were available, leaf tissue was used. These tissues 
contained high levels of mucilaginous compounds and need special preparation. 
Approximately 500 mg sample leaf tissue and 50 mg Pisum leaf tisue were chopped 
together in 10 ml isolation buffer (10 mM magnesium sulphate, 50 mM potassium 
chloride, 5 mM HEPES, 6.5 mM dithiothreitol, 1% PVP-40, 0.25% Triton X-100, pH 8; 
Lee & Lin, 2005). This cell suspension was kept on ice while it was filtered. To 
concentrate nuclei, the suspension was centrifuged at 4°C, 120 rcf for 10 minutes. After 
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centrifugation the upper 7 ml were carefully pipetted off. Filtration and RNA digestion 
were done in the same way as for nuclei preparation from root tissue. DNA was 
stained with 300 µl propidium iodide solution (1 mg/ml distilled water) for 20 minutes 
at room temperature (20°C). 
Measurements were performed using a flow cytometer (CyFlow ML, Partec, 
Münster, Germany) equipped with a green laser (532 nm, 100 mW) as the excitation 
light source. In each sample, at least 5000 particles were measured (Figure 3.1), and a 
mean 1C-value of the samples was calculated as follows: 1C(sample) = (1C peak 
position sample)·(1C value standard)/(1C peak position standard). The distribution of 
genome size measurements from this study were compared with known chromosome 
counts and used to deduce ploidy level of accessions for which chromosome counts 
were not available.
3.3.2. Epidermal features
For stomatal guard cell length and density investigations fresh leaf samples were 
taken from the material available at HBV. In total, 90 accessions were studied for 
epidermal features, and from each accession, nearly 100 stomata were measured.
Leaves were collected in petri dishes with tap water and kept at 4°C until use 
(not stored longer than one week). Thin tangential cuts of leaves were placed in a drop 
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Figure 3.1. Flow cytometer histograms. A: diploid P. nyanzensis. B: tetraploid P. 
tsaratananae.
of tap water on a microscope slide, covered with a coverslip and examined under light 
microscope (Olympus BX50). In addition, nail varnish impressions of the epidermis 
were prepared and examined under the light microscope (Figure 3.2). The size of guard 
cells was measured using the program AnalySIS Docu (Olympus Imaging Software).
3.4. RESULTS
3.4.1. Genome size measurements
Genome size measurements are displayed in Figure 3.3; see Table 3.1 for the 
range of genome sizes encountered in each species. Diploid and polyploid accessions 
had non-overlapping genome size ranges. Diploids ranged from 0.58 pg in P. 
dendrobiiflora to 1.03 pg in P. odorata whereas polyploids had estimates ranging from 
1.10 pg in P. bella (4x) to 1.80 pg in P. pubescens (6x). Out of 112 analysed Polystachya 
accessions, 66 were diploids and 46 polyploids (39 tetraploid and 7 putatively 
hexaploid). Polyploid accessions could be separated into 39 tetraploids with genome 
sizes ranging from 1.10 pg in P. bella to 1.58 pg in P. tsaratananae; and 7 hexaploids 
ranging from 1.69–1.80 pg in P. pubescens; Figure 3.3. Hexaploid chromosome counts 
have been reported in P. pubescens, and accessions measured in this study with genome 
size consistent with a hexaploid cytotype are from P. pubescens and P. bella. In five 
species, individuals with different ploidies were found (P. bella, 4x & 6x; P. concreta, 2x 
& 4x; P. fusiformis, 2x, 4x & 6x; P. ottoniana, 2x & 4x; P. pubescens, 4x & 6x).
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Figure 3.2. Nail varnish epidermis impressions of A: Polystachya bancoensis; B: P. 
heckmanniana. Scale bar = 50 µm.
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Figure 3.4. Scatter plot of mean guard cell length measurements against genome size 
for each Polystachya accession in this study. Open circles: diploid accessions; closed 
circles: polyploids.
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Table 2.1. Range of genome sizes for species included in this study, and their inferred 
ploidy level.
Species
Genome 
size 1C
Ploidy
Polystachya adansoniae Rchb.f.
P. adansniae var. elongata 
Summerh.
P. affinis Lindl.
P. albescens Ridl. var. imbricata 
(Rolfe) Summerh.
P. anceps Ridl.
P. bancoensis Burg
P. bella Summerh.
P. bella Summerh.
P. bifida Lindl.
P. caespitifica Kraenzl. var. 
latilabris (Summerh.) 
P.J.Cribb & Podz.
P. campyloglossa Rolfe
P. concreta (Jacq.) Garay & 
H.R.Sweet
P. concreta (Jacq.) Garay & 
H.R.Sweet
P. coriscensis Rchb.f.
P. cultriformis (Thouars) 
Lindl. ex Spreng
P. dendrobiiflora Rchb.f.
P. dolichophylla Schltr.
P. elegans Rchb.f.
P. estrellensis Rchb.f. (=P. 
concreta)
P. fallax Kraenzl.
P. foliosa (Hook.) Rchb.f.
P. fulvilabia Schltr.
P. fusiformis (Thouars) Lindl.
P. fusiformis (Thouars) Lindl.
P. fusiformis (Thouars) Lindl.
P. galeata (Sw.) Rchb.f.
P. golungensis Kraenzl.
P. heckmanniana Kraenzl.
0.81–0.85 2x
0.83 2x
0.81–0.83 2x
1.28 4x
1.45–1.47 4x
0.93 2x
1.10 4x
1.75–1.80 6x
0.61 2x
0.71 2x
0.69–0.74 2x
0.75 2x
1.33–1.55 4x
0.96 2x
0.59–0.64 2x
0.58 2x
0.70 2x
0.76 2x
1.39 4x
0.70–0.71 2x
1.40–1.49 4x
0.81 2x
0.63–0.70 2x
1.45 4x
1.75 6x
0.73–0.83 2x
0.64–0.72 2x
0.68 2x
Species
Genome 
size 1C
Ploidy
P. humbertii H.Perrier
P. kermisina Kraenzl.
P. lawrenceana Kraenzl.
P. laxiflora Lindl.
P. longiscapa Summerh.
P. maculata P.J.Cribb
P. modesta Rchb.f.
P. monophylla Schltr.
P. neobenthamia Schltr.
P. nyanzensis Rendle
P. odorata Lindl.
P. ottoniana Rchb.f.
P. ottoniana Rchb.f.
P. pachychila Summerh.
P. paniculata (Sw.) Rolfe
P. pinicola Barb.Rodr.
P. poikilantha Kraenzl.
P. polychaete Kraenzl.
P. pubescens (Lindl.) Rchb.f.
P. pubescens (Lindl.) Rchb.f.
P. purpureobracteata P.J.Cribb 
& la Croix
P. rhodoptera Rchb.f.
P. rosea Ridl.
P. setifera Lindl.
P. tsaratananae H.Perrier
P. villosa Rolfe
P. virescens Ridl.
P. virginea Summerh.
P. vulcanica Kraenzl.
P. vulcanica var. aconitiflora 
(Summerh.) P.J.Cribb
P. zambesiaca Rolfe
0.75 2x
0.61 2x
1.37 4x
0.73 2x
0.64 2x
0.62 2x
0.75 2x
1.44–1.53 4x
0.64 2x
0.79–0.81 2x
0.81–1.03 2x
0.73–0.77 2x
1.41–1.42 4x
0.64 2x
0.64–0.66 2x
0.74–0.78 2x
0.63 2x
0.60 2x
1.38 4x
1.69–1.80 6x
0.66–0.68 2x
0.63 2x
1.48 4x
0.81 2x
1.58 4x
0.66 2x
1.55 4x
0.68 2x
0.74–0.75 2x
0.77 2x
0.68–0.78 2x
Besides the normal occurence of 2C and 4C peaks in flow histograms, we also 
observed 8C and 16C peaks from endopolyploid nuclei (Figure 3.1). Endopolyploidy, 
plus sometimes weak or missing 2C peaks, made some histograms difficult to 
interpret. In addition, leaf and flower tissues contained mucilaginous compounds that 
made FC difficult. We therefore had to use a modified isolation buffer and dilute the 
mucilage, as described above. Although the mucilage was diluted, it still took up to 
two hours or longer to filter some samples. Root-tip tissue was easier to process but 
availability was limited. A further option would be seeds, but orchid seeds are small 
and difficult to handle. Seeds were not available for this study.
3.3.2. Guard cell measurements
Guard cell length measurements (Figure 3.4) were normally distributed between 
15 µm (diploid P. bancoensis) and 38 µm (polyploid P. pubescens). Average guard cell 
length did not differ significantly between diploid (28.0 µm) and polyploid (29.3 µm) 
species (two-tailed t test, df=89, P=0.22). Diploids tended to have more closely spaced 
stomata (80 mm–2) than polyploid species (70 mm–2) but the difference was not 
significant (df=88, P=0.09). Average guard cell length from different leaves of the same 
plant differed by 1 and 2 µm and average stomatal density differed by 10 and 16 mm–2 
in P. fusiformis and P. concreta respectively.
For species that had more than one cytotype, guard cell sizes in diploid and 
tetraploid P. concreta were 24–25 µm and 22–35 µm respectively. Similarly, in P. 
fusiformis, we found guard cell sizes between 22 and 30 µm in the diploid individuals, 
whereas the hexaploid individual had guard cells of 28 µm. In P. ottoniana the diploid 
individual had guard cell length of 28 µm and the two tetraploids had guard cell 
lengths of 23 and 25 µm. The tetraploid individual of P. pubescens had guard cell length 
of 33 µm and the hexaploid individuals had guard cell lengths of 34 and 38 µm. 
Overall, using linear regression, we found only a weak correlation (R2=0.01) between 
genome size and guard cell size.
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3.5. DISCUSSION
3.5.1. Genome size data for Polystachya
The genome size data presented here are the first reported for Polystachya and 
represent nearly 25% of Polystachya species. The selected species are from nine of the 15 
sections recognised and distributed across the phylogenetic tree (Russell et al., 2009). 
Overall values range ca. 3-fold, from 1C=0.58 to 1.80. These estimates fall towards the 
lower end of genome sizes currently known in Orchidaceae (1C=0.33 to 55.4 pg; Leitch 
et al., 2009). Within diploid species genomes ranged ca. 1.8-fold (1C=0.58 to 1.03 pg) 
whereas for polyploids the variation was around 1.6-fold (1C=1.10 to 1.80 pg; Figure 
3.3). Within tribe Vandeae, genome sizes of Polystachya are the smallest so far reported 
and considerably extend the range of genome sizes encountered in this tribe from 8.2- 
to 17-fold (1C=0.58 pg in P. dendrobiiflora to 9.8 pg in Gastrochilus sp.). However, they 
fall within the 66-fold range of genome sizes encountered in Epidendroideae (1C=0.33 
to 19.8 pg).
Although Orchidaceae is the largest plant family (approx. 22 000 species), 
genome size data are available for less than 1.5 % of the species. In part, this may be 
due to the fact that orchid species often contain mucilaginous or inhibiting compounds 
that make genome-size determination by FC difficult. Although other techniques are 
available for genome size estimations, such as Feulgen microdensitometry, these can be 
time consuming. Further problems often encountered in genome size determinations of 
Orchidaceae are a low percentage of cells in the unreplicated call cycle phase coupled 
with endopolyploidy. Together these factors can lead to misinterpretation of flow 
histograms and errors in genome size estimations (see also Leitch et al., 2009; Suda et 
al., 2007). However, although both these problems were encountered in the current 
study, the protocols developed enabled accurate genome sizes to be determined and 
thus increase our knowledge of genome size in orchids.
3.5.2. Guard cell sizes in Polystachya
As mentioned above, correlations between genome size and guard cell size have 
been found in broad, phylogenetically diverse analyses across angiosperms as well as 
at the species level among different ploidies. If correlations between genome size and 
guard cell size were found, either the guard cell lengths between different ploidies did 
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not overlap, as in Vanilla (Bory et al., 2008) or the large range of genome sizes 
encountered pulled out the regression line.
In contrast to these previous studies, the guard cell size data from Polystachya 
were too variable to reveal a clear relationship with genome size. For example, the 
species with the smallest (P. dendrobiiflora 1C=0.58 pg) and largest genomes (P. bella 
1C=1.80 pg) both had the same guard cell length (30 µm). We also found considerable 
variation in guard cell length between and within individuals of the same species and 
ploidy, e.g. 13 µm difference between 13 individuals of tetraploid P. concreta (22–35 µm) 
and 10 µm difference between four individuals of P. cultriformis. Furthermore, even 
within a species there was no clear relationship between genome size and guard cell 
size at different ploidies, as the range of guard cell lengths for diploids and polyploids 
often overlapped. From these observations, we conclude that for the genus Polystachya, 
over the narrow range of small genome sizes encountered in this study, the use of 
guard cell lengths as a proxy for genome size is not possible. Clearly other factors, in 
addition to genome size, are influencing guard cell size in Polystachya. Thus, although a 
species with a large genome will be expected to have large guard cells (as genome size 
sets a certain minimum cell size that is possible; Bennett, 1972), the reverse is not 
necessarily true as a species with a small genome could have either small or large 
guard cells depending on additional factors such as environmental and/or genetic 
effects (e.g. Franks & Beerling, 2009; Nadeau & Sack, 2002). Further studies are needed 
to determine to what extent the findings of this study are applicable across other 
genera not only in Orchidaceae but also other angiosperm families.
Over the broad range of genome sizes observed in plants, guard cell length 
correlates well, but if dealing with only small portions of the total range of genome 
sizes, the two are clearly not tightly co-varying. The data presented here indicate the 
levels of "noise" in this generally predictable set of relationships. We should not be 
surprised that the level of noise in this study of plants with a narrow range of genome 
sizes swamps out what is otherwise a clear pattern.
62
ACKNOWLEDGEMENTS
This work was financially supported by the Austrian Science Foundation (FWF) 
[P19108-B16], the Commision for Interdisciplinary Ecological Studies of the Austrian 
Academy of Sciences (KIÖS) and Synthesis [GB-TAF-5380]. We extend our gratitude to 
Prof. Johann Greilhuber and Prof. Martina Weber for allowing us to use their 
laboratory facilities to carry out this work.
63

Chapter 4.
Reticulate evolution in diploid and tetraploid species of Polystachya 
(Orchidaceae) as shown by plastid DNA sequences and low-copy 
nuclear genes
Anton Russell1,*, Rosabelle Samuel1, Verena Klejna1, Michael H.J. Barfuss1, Barbara 
Rupp1 and Mark W. Chase2
1: Department of Systematic and Evolutionary Botany, Vienna University, Rennweg 14, 
Vienna 1030, Austria.
2: Jodrell Laboratory, Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3DS, UK.
Annals of Botany: provisionally accepted 18 Jan 2010
65
4.1. ABSTRACT
Background and Aims. Here we present evidence for reticulation in the 
pantropical orchid genus Polystachya, using gene trees from five nuclear and plastid 
DNA data sets, first among only diploid samples (homoploid hybridisation) and then 
with the inclusion of cloned tetraploid sequences (allopolyploids). Two groups of 
tetraploids are compared with respect to their origins and phylogenetic relationships.
Methods. Sequences from plastid regions, three low-copy nuclear genes and ITS 
nuclear ribosomal DNA were analysed for 56 diploid and 16 tetraploid accessions 
using maximum parsimony and Bayesian inference. Reticulation was inferred from 
incongruence between gene trees using supernetwork and consensus network analyses 
and from cloning and sequencing duplicated loci in tetraploids. 
Key Results. Diploid trees from individual loci showed considerable incongruity 
but little reticulation signal when support from more than one gene tree was required 
to infer reticulation. This was coupled with generally low support values in the 
individual gene trees. Sequencing the duplicated gene copies in tetraploids showed 
more clear evidence of hybrid evolution, including multiple origins of one of the two 
groups of tetraploids included in the study. 
Conclusions. A combination of cloning duplicate gene copies in allotetraploids 
and consensus network comparison of gene trees allowed us to build a phylogenetic 
framework for reticulation in Polystachya. There was little evidence for homoploid 
hybridisation, but our knowledge of the origins and relationships of two groups of 
allotetraploids are greatly improved by this study. Of the tetraploid species included in 
the study, one group showed evidence of multiple occurrences of long distance 
dispersal to achieve a pantropical distribution; the other showed no evidence of 
multiple origins or long distance dispersal but had greater morphological variation, 
consistent with hybridisation between more distantly related parents.
Keywords: allopolyploidy, consensus network, filtered supernetwork, low-copy 
nuclear genes, Orchidaceae, phylogenetic analysis, Polystachya, reticulate evolution.
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4.2. INTRODUCTION
The significance and extent of hybridisation in angiosperm evolution in nature 
has been widely recognised (Paun et al., 2009; Wissemann, 2007), with an estimated 
25% of vascular plants forming hybrids with other species (Mallet, 2005) and perhaps 
11% of plant species having arisen as a result of hybridisation (Ellstrand et al., 1996). 
Outcomes of hybridisation are complex and not predictable from case to case. Changes 
in ploidy are common, and confirmed examples in the literature of allopolyploid 
speciation are more common than those of homoploid hybridisation, which is possibly 
due to easier detection and confirmation of allopolyploids in the wild compared with 
homoploids (Hegarty & Hiscock, 2008). Polyploidy is a common product of 
hybridisation (Sang et al., 2004; Soltis & Soltis, 2000), usually following the union of a 
pair of unreduced gametes from the two parent species, although other mechanisms 
can result in polyploid offspring. As well as an immediate and mostly effective barrier 
to introgression with their parent species due to the difference in chromosome number 
(even though triploid bridges still make this possible in some cases; Husband, 2004), 
allopolyploids express novel combinations of genes relative to both parents and often 
exhibit genomic and epigenetic instability and immediate plasticity in gene expression 
and regulatory networks (Baack & Rieseberg, 2007; Leitch & Leitch, 2008). This can 
have an effect on colonisation and dispersal abilities and allow them to occupy 
environmental niches unavailable to the parent species (Hegarty & Hiscock, 2008; Otto, 
2007; Soltis & Soltis, 2000). Homoploid hybrids can also exhibit extreme large-scale 
genomic changes, such as increases in genome size due to increased retrotransposon 
activity (Baack & Rieseberg, 2007). 
In addition to hybridisation, gene flow between species via introgression is a 
common event, with the genomes of many species apparently permeable to alleles 
from related species (Baack & Rieseberg, 2007; Lexer et al., 2009). The phenomena of 
hybridisation and introgression can confound efforts to reconstruct the phylogeny of 
such groups. Often, only data from the plastid genome is used in phylogeny 
reconstruction, and the uniparental nature of plastid DNA masks reticulation. Recently, 
greater efforts have been made to incorporate hybridisation and reticulate evolution 
into plant phylogenetic hypotheses by the use of biparentally inherited, nuclear 
markers. Such studies sometimes find significant differences in trees from plastid and 
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nuclear markers (Kelly et al., in press); the methods used to analyse multiple loci and 
interpret incongruence in phylogenetic results are still under development (Linder & 
Rieseberg, 2004).
Previous work on Polystachya (Polystachyinae; Vandeae; Orchidaceae) suggested 
that the genus would be well suited to the study of reticulate evolution (Rupp, 2008; 
Russell et al., 2009 [Ch. 2]). The genus comprises approximately 250 species distributed 
pantropically, with the majority of the species in Africa but with smaller numbers in 
the Indian Ocean islands, southern Asia and the Neotropics. Species radiations have 
occurred in the Neotropics and Madagascar, and these include polyploid clades with 
2n=4x=80 chromosomes (Russell et al., 2009). One group of polyploid species with 
morphological and genetic similarity to the pantropical species, Polystachya concreta, 
has dispersed throughout the tropics relatively recently; another group represented for 
example by P. rosea and P. clareae has remained endemic to Madagascar and the 
Malagasy Islands. Some members of these two groups are illustrated in Figure 4.1.
Previous studies on the genus have used plastid DNA sequences. Although these 
regions were useful in constructing a well-supported phylogenetic hypothesis, as they 
have been in many other studies of plant evolution, the maternal inheritance of plastid 
DNA prevents any conclusions as to reticulate evolution. In this study we extend the 
analysis to biparentally inherited nuclear DNA. We aim to compare the results of 
plastid DNA analysis with those from nuclear genes to establish the origins of the 
tetraploid clades, gauge the extent to which hybridisation has been important in 
Polystachya, and compare the two main groups of tetraploids in terms of their 
morphological and biogeographical traits.
We screened a number of nuclear genes known to be low- or single-copy in 
angiosperms and selected the following loci based on their ease of amplification and 
sequencing: PgiC between exons 11 and 15; PhyC exon 1; and Rpb2 intron 23. PgiC 
codes for phosphoglucose isomerase, an essential glytolytic enzyme. It has been used 
in phylogenetic studies in Dipterocarpaceae (Kamiya et al., 2005), Stephanomeria 
(Compositae; Ford et al., 2006) and Clarkia (Onagraceae), in which it is present in two 
copies (Ford & Gottlieb, 2003; Thomas et al., 1993). PhyC is a member of the 
phytochrome family of genes, which code for photoreceptive proteins in plants and 
regulate a wide range of flowering and developmental pathways. It has been used in a 
number of phylogenetic studies in Phyllanthaceae (Samuel et al., 2005), Poaceae 
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Figure 4.1. Top row: three examples of Polystachya from the pantropical tetraploid 
group; (left to right) P. concreta (Laos); P. masayensis (Costa Rica); P. concreta 
(Réunion). Bottom row: three examples of plants from the Malagasy endemic tetraploid 
group; (left to right) P. tsaratananae; P. clareae; P. monophylla.
(Mathews & Sharrock, 1996) and across monocots (Kinney et al., unpubl. res.) and other 
angiosperms (Saarela et al., 2007). Rpb2 codes for the second largest subunit of the 
RNA polymerase enzyme and has been used in phylogenetic studies in Chamaedorea 
(Arecaceae; Thomas et al., 2006), Hordeum (Poaceae; Sun et al., 2009), and across 
angiosperm families (Oxelman et al., 2004).
Plastid DNA data was already available from our previous study (Russell et al., 
2009). We also sequenced the ITS1–5.8S–ITS2 region of nrDNA as an additional source 
of data. The high copy number of ITS sequences in the nuclear genome makes the 
region relatively easy to amplify and sequence, and it is commonly used in plant 
phylogenetics. Results from ITS are often contrasted with plastid sequences to show 
possible reticulation (Chase et al., 2003b; Hodkinson et al., 2002; Schwarzbach & 
Rieseberg, 2002; van den Berg et al., 2009). Although some properties of nrDNA 
(multiple copy number, concerted evolution, and frequent occurrence of pseudogenes) 
sometimes makes its use in phylogenetics problematic, especially in the study of 
hybrids (Alvarez & Wendel, 2003; Feliner & Rossello, 2007; van den Hof et al., 2008), we 
felt that in the context of a multi-gene study such as this involving several plastid and 
nuclear gene regions, ITS sequences could provide useful additional information. 
4.3. MATERIALS AND METHODS
4.3.1. DNA extraction and primer design
Material for DNA extraction came from the collections of the Botanical Garden of 
the University of Vienna, the collection of Isobyl la Croix in Ross-shire, Scotland, and 
field collections made by the authors. DNA samples were also obtained from the DNA 
Bank of the Royal Botanic Gardens, Kew (http://data.kew.org/dnabank/
homepage.html). See Appendix 2 for accession details and GenBank numbers for 
sequences. See Russell et al. (2009) for details of material preservation, DNA extraction, 
and ploidy of Polystachya species; much of our ploidy data is inferred from genome size 
measurements (Rupp, 2008; Rupp et al., in prep [Ch. 3]). There are fewer Polystachya 
species included in this study than in the Russell et al. (2009) paper for two reasons. 
Firstly, we excluded all known tetraploids from the analysis except for those samples 
from the Malagasy and pantropical groups that were the focus of our cloning efforts. 
Secondly, some samples were excluded because nuclear genes could not be amplified 
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or sequenced, either because of deficiencies in our PCR protocols or because the DNA 
samples contained too low a concentration of intact nuclear DNA.
Plastid DNA sequences came from the rps16 intron, the rps16–trnK spacer and the 
trnK intron including matK, and are the same as those used by Russell et al. (2009). For 
amplification of low-copy nuclear genes, DNA samples were initially screened by 
polymerase chain reaction (PCR) using universal primers for PgiC, PhyC and Rpb2. For 
PgiC and Rpb2, universal primers were taken from the literature (Ford et al., 2006; 
Ronçal et al., 2005); for PhyC, we designed universal monocot primers from GenBank 
sequences. When a strong PCR product was obtained using universal primers, we 
cloned the product using the pGEM-T Easy system (Invitrogen) following the 
manufacturer’s instructions to assess the copy number and amount of within-sample 
variation (e.g. between different alleles at the same locus). The resulting sequences 
were aligned and Polystachya-specific primers were designed from conserved areas 
using Primer3 (Rozen & Skaletsky, 1999). Details of these primers are given in Table 4.1.
4.3.2. Analysis of diploids
After the initial cloning to design primers and develop PCR protocols for 
sequencing low-copy nuclear genes, we were satisfied that the gene regions selected 
were single-copy in diploids and that sequences in different individuals were 
orthologous. Most diploids were then sequenced directly from the PCR products.
We used 20 µl PCR reactions, with 18.0 µl ABGene ReddyMix PCR Master Mix, 
0.5 µl of each primer at 20 µM, and 1.0 µl template DNA. Thermocycling was 
performed with initial denaturation at 80°C for 5 minutes, followed by 35 cycles of 
94°C for 30 s, annealing for 30 s and 72°C for two minutes. We used a final extension of 
72°C for five minutes. Annealing temperature was usually 55°C for PgiC and 58°C for 
PhyC and Rpb2.
PCR products were cleaned with a mixture of one unit CIAP (calf intestinal 
alkaline phosphatase; Fermentas) and 10 units exonuclease I (Fermentas) to degrade 
single-stranded DNA fragments and dNTPs in the PCR product (Werle et al., 1994). The 
mixture was incubated at 37°C for 45 minutes, then denatured at 80°C for 15 minutes. 
Cycle sequencing was carried out in 10µl reactions with 1.0µl ABI BigDye Terminators 
kit, 1.0µl sequencing primer at 3.2 µM, and 8.0µl cleaned-up PCR product, cycling with 
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30 cycles of 96°C for 10s, 50°C for 5s, and 60°C for 4 minutes. Sequencing was 
performed on a 48 capillary sequencer, Applied Biosystems (ABI) 3730 DNA Analyzer, 
following the manufacturer’s protocols. 
Sequences were edited with FinchTV (Geospiza Inc.) and assembled with either 
AutoAssembler 1.4.0 (ABI) or LaserGene 7.1 SeqMan (DNASTAR Inc.). They were 
aligned initially with MUSCLE (Edgar, 2004), and these alignments were adjusted by 
eye in MacClade (Maddison & Maddison, 2005) following the guidelines of Kelchner 
(2000). Non-alignable end sequences and gap-rich sequences (>50% missing data) were 
excluded from the analyses. The plastid DNA matrix contained 4434 included 
characters, of which 422 were potentially parsimony informative. The ITS matrix had 
797 included characters of which 181 were potentially informative. PgiC had 1035 
included characters of which 178 were potentially informative. PhyC had 1183 included 
characters of which 102 were potentially informative. Rpb2 had 832 included characters 
of which 142 were potentially informative.
Individual gene trees were constructed using maximum parsimony and Bayesian 
tree searches. Parsimony analyses were conducted in PAUP*4.10b (Swofford, 2003) 
using a two stage heuristic search strategy with tree bisection and reconnection (TBR) 
branch swapping, saving a maximum of 10 000 trees. Bootstrap percentages (BP) were 
calculated using 1000 heuristic search replicates, saving ten trees per replicate. 
Bayesian trees were made in MrBayes 2.1 (Huelsenbeck & Ronquist, 2001) using the 
facilities of the Computational Biology Service Unit at Cornell University (http://
cbsuapps.tc.cornell.edu) and the University of Oslo Bioportal (https://
www.bioportal.uio.no). Best-fitting nucleotide substitution models were determined 
beforehand using MrModeltest 2.3 (Nylander, 2004) following the Akaike information 
criterion (AIC) in each case. Two independent sets of four metropolis-coupled Markov 
chain Monte Carlo runs were executed for five million generations, sampling every 500 
generations, with chains heated to 0.2, a burnin of 25% and default priors. Nucleotide 
models were: PgiC, GTR+G; PhyC, GTR+I+G; Rpb2, HKY+G; plastid DNA, GTR+I+G; 
ITS, GTR+G. The program Tracer (Rambaut & Drummond, 2007) was used to check the 
runs had reached stationarity, and effective sample size of all the parameters was high 
(>100).
To illustrate incongruities between the individual gene trees, a filtered 
supernetwork (Splitstree 4.10; Huson & Bryant, 2006) was constructed from the five 
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bootstrap consensus trees from parsimony analysis, filtering the splits to show only 
those present in a minimum of two input trees. Differences in taxon-sampling between 
the different gene trees, due to the aforementioned difficulty of amplifying and 
sequencing some samples, were corrected using 100 replicates of the Z-closure 
algorithm (Huson et al., 2004). This algorithm is built in to the network construction 
methods in Splitstree and Dendroscope and uses the phylogenetic information shared 
between the input trees to overcome gaps in the taxon sampling of individual gene 
trees. 
Consensus networks were constructed in Dendroscope 2.3 (Huson et al., 2007) 
using the galled network algorithm (in which each inferred reticulation is independent 
of all the others; Linder & Rieseberg, 2004) with a 20% threshold for network 
construction. Input trees were bootstrap consensus trees. Since five gene trees were 
analysed, the 20% threshold effectively excluded incongruities unique to a single gene 
tree without support from any of the other trees. This, and the filtered supernetwork 
approach, allow us to address a particular problem in analysing multiple independent 
gene trees: distinguishing incongruence due to hybridisation from that due to 
population genetic and stochastic processes such as deep coalescence, duplication, 
recombination and character homoplasy within individual genes (Linder & Rieseberg, 
2004). 
4.3.3. Analysis of tetraploids
Taxon sampling of Polystachya tetraploids focused on two groups found in the 
Russell, et al. (2009) study. One is pantropical and centred around P. concreta; the other 
is endemic to the Malagasy islands. Plastid and nuclear ribosomal DNA sequences 
were obtained by directly sequencing PCR products, but PCR products from 
Polystachya-specific primers for PgiC, PhyC and Rpb2 were cloned using the pGEM-T 
Easy cloning system (Invitrogen) following the manufacturer’s instructions. Colonies 
were fixed in TE buffer and subsequent amplification and sequencing were performed 
using vector primers M13F, M13R, SP6 and T7. Five to fifteen colonies were sequenced 
per cloned tetraploid; we always attempted to sequence the higher number, but some 
samples had a high sequencing failure rate even from clones. 
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Submatrices of cloned DNA sequences from each sample were aligned in 
MacClade, and chimeric sequences that were cloned only a single time were removed. 
In vitro recombination of DNA sequences is a problem when cloning products of PCR 
reactions in which multiple alleles or paralogous gene copies have been amplified 
(Anthony et al., 2007; Cronn et al., 2002; Kelly et al., In press). Since alignments of 
cloned PCR products generated by this study were small (5-15 sequences with 800-1200 
sites from each cloned sample), it was most expedient to screen the sequences by eye 
for chimeric clones. Unrooted neighbor-joining trees of the clones from a sample were 
made, and these were used to find the most distant sequences, termed type 1 and type 
2. This information was used as an aid to screening the submatrix of cloned sequences 
by eye in MacClade for evidence of recombination: sequences for example appearing 
similar to type 1 at the 5’ end, but changing to type 2 at some point towards the 3’ end, 
and sometimes reverting to type 1 again further towards the 3’ end. The recombination 
detection programs included in the RDP3 package (Martin et al., 2005) were usually 
unable to detect chimeric sequences that were obvious to the eye, and when they did 
detect recombination, they gave wrong results both for identities of the parental 
sequences and positions of recombination breakpoints. Anthony et al. (2007) found 
similar problems when using the programs to detect chimeric sequences, and this 
might be because the programs require higher levels of sequence divergence to be 
effective (Posada & Crandall, 2001). Occasional single nucleotide polymorphisms 
(SNPs) and small indels in the sequences were expected as a result of the cloning 
procedure (Speksnijder et al., 2001) or DNA damage prior to amplification (Lindahl, 
1993) and not taken as evidence of either in vitro recombination or sequence paralogy. 
To counteract the effect of mutations introduced in the course of cloning, we made 
consensus sequences for each of the parental sequences identified for each set of clones 
(i.e. from a given accession).
Sequences were aligned with directly sequenced diploid species and analysed 
using parsimony and MrBayes in the same way as for the diploid-only data matrices. 
The plastid DNA matrix incuding both diploids and tetraploids contained 4434 
included characters of which 437 were potentially parsimony informative. ITS had 797 
included characters of which 187 were potentially informative. PgiC had 1036 included 
characters of which 202 were potentially informative. PhyC had 1138 included 
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characters of which 113 were potentially informative. Rpb2 had 832 included characters 
of which 165 were potentially informative. 
After constructing individual gene trees, each sequence from the tetraploid 
samples was assigned to a particular sequence type based on its similarity to diploid 
accessions, so that the taxon labels could be made consistent between gene trees. The 
bootstrap consensus trees were then used as input trees to construct a galled consensus 
network in Dendroscope, in the same way as for the diploids-only data. Tetraploid 
samples for which different sequence types appeared in separate clades were manually 
reconnected using hybridisaton nodes (Cardona et al., 2008) and redrawn in 
Dendroscope. 
4.4. RESULTS
4.4.1. Analysis of diploids
Parsimony analysis of the plastid DNA matrix found 952 equally-most 
parsimonious (e.m.p.) trees, with length 1324, consistency index (CI) 0.74 and retention 
index (RI) 0.77. ITS analysis found 2861 e.m.p. trees with length 618, CI=0.56, RI=0.75. 
PgiC analysis found the maximum 10 000 e.m.p. trees with length 594, CI=0.85, 
RI=0.85. PhyC analysis found 3346 e.m.p. trees with length 301, CI=0.81, RI=0.86. Rpb2 
analysis found the maximum 10 000 e.m.p. trees with length 412, CI=0.85, RI=0.91. 
Majority rule consensus trees from Bayesian analysis were congruent with parsimony 
trees but with higher resolution than either the strict consensus trees or bootstrap 
consensus trees from parsimony analysis. Since strict consensus trees for the nuclear 
genes contained clades that received no bootstrap or Bayesian support, and Bayesian 
posterior probabilities are often unrealistically high (Simmons et al., 2004), we have 
opted to present the bootstrap consensus trees here.
Individual gene trees for the three low-copy nuclear genes, the combined plastid 
DNA, and ITS sequences are presented in Figure 4.2, with the species names coloured 
according to their phylogenetic position in the plastid trees of Russell et al. (2009). Each 
of the tree topologies is unique, although many clades are shared by more than one 
tree. Unequal taxon sampling between the trees makes it impossible to detect all of the 
incongruent clades by direct visual comparison, but some differences can be described.
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Four of the five gene trees show P. affinis as sister to the remainder of the genus, 
but for Rpb2 the outgroup species Adrorhizon purpurascens and Bromheadia finlaysoniana 
could not be sequenced and so the tree was rooted using P. affinis as the outgroup. The 
topology of the plastid tree (Figure 4.2a) agrees well with the more complete plastid 
trees presented in Russell et al. (2009). The previous plastid study identified five main 
clades, I–V, which are also found in the plastid tree in this study with high bootstrap 
percentages and posterior probabilities. However, not all of them are present in all of 
the gene trees. Plastid DNA analysis found a number of species-poor, early diverging 
clades sister to the larger clade containing clades I–V; in the nuclear gene trees these 
species were not identifiable as belonging to early-diverging clades. However, 
although the trees show many incongruities, many of these are not strongly supported 
by bootstrap percentages (BP) and posterior probabilities (PP) of clades, especially in 
the nuclear gene trees.
Incongruities between the trees are represented graphically by a filtered 
supernetwork (Figure 4.3). This is an implicit reticulate network: loops in the network 
represent conflicting phylogenetic signals rather than explicit phylogenetic hypotheses. 
Areas of incongruence according to Figure 4.3 are at the base of the tree, the bases of 
clades I, III and IV, the P. caloglossa/P. galeata group in clade II and throughout clade V. 
Despite the fact that the input trees were incongruent, the five main clades still group 
together in the supernetwork. A supernetwork (not shown) obtained without filtering 
the input trees shows a greater degree of conflict between splits at the core of the 
network, but the main clades are still recovered.
The consensus galled network (Figure 4.4), in which loops explicitly represent 
alternative phylogenetic inferences between the trees, collapses relationships between 
the main clades to a four-way polytomy at the core of the tree (the ‘backbone’ if the tree 
was rooted). The species involved in reticulations are P. tenuissima, P. maculata, P. tenella, 
and the clade containing P. fallax and P. vulcanica. As with the filtered supernetwork, 
the five main clades expected from plastid DNA analysis are all recovered and the 
outer branches are generally well resolved except in clade V. 
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Figure 4.3. Filtered supernetwork using the five bootstrap consensus gene trees 
from parsimony analysis as input trees, with MinNumberTrees set at 2. Species 
names are coloured according to their correspondence to the main clades identified 
by plastid DNA analysis: clades I–V and species-poor, early diverging clades; 
Russell et al., 2009.
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Figure 4.4. Unrooted consensus galled network (20% threshold for network 
construction) summarising incongruities between the five individual gene trees of 
diploid species using majority rule bootstrap consensus trees as input. Branch lengths 
are not to scale; only the topology is shown. Red lines represent reticulations. Species 
names are coloured according to their correspondence to the main clades identified by 
plastid DNA analysis: clades I–V and species-poor, early diverging clades; Russell et 
al., 2009.
4.4.2. Analysis of tetraploids
When cloned tetraploid sequences were included in the analyses, again none of 
the individual gene trees was congruent with any other (Figure 4.5). Parsimony 
analysis of the plastid DNA matrix including diploids and tetraploids found 1377 
e.m.p. trees with CI=0.74 and RI=0.81. ITS analysis found the maximum 10,000 e.m.p. 
trees with length 657, CI=0.57, RI=0.79. PgiC analysis found the maximum 10,000 
e.m.p. trees with length 644, CI=0.83, RI=0.88. PhyC analysis found 6,430 e.m.p. trees 
with length 353, CI=0.82, RI=0.91. Rpb2 analysis found the maximum 10,000 e.m.p. 
trees with length 452, CI=0.84, RI=0.91. As with the diploids-only data, Bayesian 
analysis generated trees congruent with parsimony trees but with higher resolution 
overall, and due to the occurrence of clades in the strict consensus parsimony trees that 
received no bootstrap support, the bootstrap consensus trees are presented here.
With cloning, two distinct sequence types were found for almost all members of 
the pantropical tetraploid group for all three nuclear low-copy genes; we only 
recovered a single PhyC sequence type (Figure 4.5d) in the sample P. concreta 1 
(Madagascar), but it is unclear whether this is due to the loss of one copy of PhyC in 
some populations or PCR bias: we sequenced 12 clones, which should have easily 
recovered a product that was half of the PCR product. By contrast, from members of 
the Malagasy endemic clade we could only recover a single copy of PgiC (Figure 4.5c) 
and Rpb2 (Figure 4.5e), but two copies of PhyC. The two PhyC copies had sequences 
similar to those of P. odorata and P. cultriformis; the PgiC and Rpb2 sequences were all 
similar to P. odorata, whereas the plastid sequences and ITS were all similar to P. 
cultriformis. Since the network construction methods using the Z-closure algorithm do 
not require all of the parental sequences to be present in all of the samples, there was 
enough phylogenetic information in the five data sets to resolve the relationships of 
these species with confidence in spite of missing data or copy number reduction in 
PgiC and Rpb2. In constructing the consensus networks, some estimate had to made of 
the parental haplotype of each gene copy in the tetraploids so that the terminal taxa of 
the individual trees could be correlated to each other. In the case of the pantropical 
teraploids, each sequence could be said to have similarity to that of either P. modesta or 
P. golungensis (both diploids). These two species were not inferred to be the parental 
species, simply consistent diploid representatives of the two sequence types found in 
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Figure 4.5 (continued)
the tetraploids for each gene. Similarly, in the case of the Malagasy tetraploids, each 
sequence was similar to either P. cultriformis or P. odorata.
The consensus galled supernetwork (20% threshold with five input gene trees 
using Z-closure method to correct for differences in taxon sampling) including the 
tetraploid sequences is shown in Figure 4.6. The topology is similar to that derived 
from analysing diploids alone, but the change in taxon sampling has caused some 
differences, undoubtedly due to the differences in clade bootstrap support. The diploid 
species involved in reticulations in Figure 4.6 are P. tenella and the clade containing P. 
vulcanica and P. fallax. These species were also involved in reticulations in the diploids-
only analysis (Figure 4.4).
The parental sequences of pantropical tetraploids from Indian Ocean islands and 
Asia (eastern group) are closely related and unresolved. Parental sequences from the 
Neotropical members of the group are also closely related to each other, but form a 
clade distinct from the eastern group. Among the eastern group, it was possible to 
differentiate between specimens that belonged to the same clade after network 
analysis, but for which the plastid sequences corresponded to different reticulation 
edges. Branches corresponding to the plastid DNA sequences of the tetraploids are 
coloured green in Figure 4.6. 
The Malagasy endemic group also comprises allotetraploids, with one parent 
from clade III and the other from clade V. The genetic divergence between the parents 
is greater in the Malagasy tetraploids than in the pantropical group, and the genetic 
variation within the group is higher. However, the species appear to have originated 
from the same pair of parents (one from section Cultriformes and one from section 
Polystachya), despite the relatively high morphological variation compared to the 
pantropical clade.
4.5. DISCUSSION
The results presented here provide a significant modification to our 
understanding of Polystachya phylogenetics and illustrate the utility of low-copy 
nuclear genes in resolving reticulate relationships in angiosperms. Although the 
number of species included in this study is lower than in our previous phylogenetic 
study of Polystachya using plastid data alone (Russell et al., 2009), the inclusion in this 
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Figure 4.6. Unrooted consensus galled network (20% threshold for network 
construction) summarising incongruities and allopolyploids in the five individual gene 
trees of diploid and tetraploid accessions, using majority rule bootstrap consensus 
trees as input. Branch lengths are not to scale; only the topology is shown. 
Reticulations inferred solely from incongruence between the gene trees are coloured 
blue. Red and green coloured branches represent reticulations involving cloned 
tetraploids, for which the parental sequences were manually reconnected as 
hybridisation nodes. Green branches represent relationships according to the plastid 
DNA tree; red branches are only present in nuclear DNA trees. Species names of the 
cloned tetraploid samples are coloured red.
study of DNA sequences from multiple loci provides a qualitative test of the accuracy 
of the plastid DNA results and allows us to add information on hybridisation and 
reticulation to our hypothesis of Polystachya evolution.
Despite apparently high levels of incongruence between diploid gene trees, 
supernetwork and consensus network analysis revealed the incongruence to occur 
mainly at deeper phylogenetic levels. The main clades identified by Russell et al. (2009) 
using only plastid sequences, with greater taxon sampling, are not found in all of the 
gene trees produced for this study, but are recovered by the supernetwork and 
consensus network methods used. The importance of using multiple gene trees instead 
of inferring reticulations from comparison between, say plastid DNA and a single 
nuclear locus, is highlighted by Linder & Rieseberg (2004). This is because stochastic 
and population-level events can lead to misleading results in individual gene trees. 
Although in discarding incongruities that are unique to single gene trees we have 
inevitably discarded some evidence for reticulation in the genus, the reticulations we 
retain are more likely to have accompanied large-scale genomic changes affecting 
multiple genes. Those affecting only one gene tree could be due to introgression and 
thus do not affect large portions of the genomes of these taxa.
The results question the relationship of P. bicalcarata as a sister species to P. 
tenuissima, as found by plastid, ITS and Rpb2 trees; that of P. maculata as a sister species 
to the P. cultriformis/P. bicarinata clade as found by plastid DNA; that of P. tenella as 
sister to P. poikilantha as found by plastid and PgiC trees; and that of the P. fallax/P. 
vulcanica clade as sister to the remainder of clade V, as found by plastid DNA. This 
could be interpreted as possible homoploid hybridisation between ancestors of these 
species, but phenomena other than hybridization could account for the observed 
differences in these trees, especially given the low bootstrap and posterior probability 
support for many of the incongruent clades. Heterogeneous rates of sequence 
divergence between and within genes could be confounding the tree-building 
algorithms or the differences could simply result from sampling error (not enough 
variation to obtain a clear answer). Reticulation events inferred between diploid 
species were not found to be consistent between analyses when the taxon sampling 
was changed to include cloned tetraploids, with the reticulations involving P. 
bicalcarata and P. maculata disappearing in the latter analysis: small differences in taxon 
sampling and tree resolution resulted in different diploid species appearing in 
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reticulate clades. Additionally, homoploid hybrids are likely to lose one parental copy 
fairly soon after their formation, and thus homoploid hybridization is best detected by 
looking for linkage disequilibrium, for which large numbers of loci are needed. 
Homoploid hybridisation in angiosperms is clearly difficult to detect (Hegarty & 
Hiscock, 2008), and we would need more than three loci to robustly document this.
More direct evidence of hybrid origins comes from cloning and sequencing the 
duplicated nuclear genes present in tetraploids (e.g. Petersen & Seberg, 2009). 
Polyploidy is present in at least eight Polystachya clades (Russell et al., 2009), but in this 
study we focused our cloning efforts on the two groups with the largest number of 
samples available to us. The pantropical group, including P. concreta, mostly appears in 
the plastid trees (Russell et al., 2009) in a clade within which there is no resolution due 
to low levels of divergence; this is sister to P. dolichopylla, along with P. odorata and P. 
modesta, also with low levels of sequence variation between samples as far apart as 
Laos, Madagascar, and Brazil. A second, smaller group of P. concreta samples occurs in 
a separate clade sister to P. golungensis. Analysis of low-copy nuclear genes gives 
greater resolution for this group and reveals it to comprise allopolyploid species. The 
two clades of P. concreta found by plastid DNA are hybrids between the same parent 
species; in Figure 4.6 they are drawn as separate groups because the accessions within 
the two parents contributing their plastid genome are different in each group, 
providing evidence of independent origins of some populations. The Neotropical 
tetraploids of the P. concreta group have different origins from those in Asia and the 
Indian Ocean. 
One limitation of this study is that, given a clade of four allotetraploids with 
similar sequences, it is difficult to determine whether it represents a single 
hybridisation with subsequent dispersal and speciation or four separate hybridisations. 
In Figure 4.6 such clades are parsimoniously represented as a single reticulation. In 
spite of this, we can deduce at least three independent origins of the pantropical 
Polystachya tetraploid group, including P. concreta, all of which have dispersed rapidly 
and recently from the centre of Polystachya distribution in Africa. Increased dispersal 
capability is commonly found in allopolyploids (Hegarty & Hiscock, 2008), and in 
Polystachya the capability for long distance dispersal has arisen repeatedly among a 
certain set of hybrid offspring from relatively closely related parents. The presence of 
the Neotropical diploid P. pinicola as a sister to the Neotropical tetraploids (Figure 4.6) 
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suggests that dispersal of diploids might have been followed by allotetraploidy. 
Dierschke et al. (2009) found evidence for bicontinental hybrid origins of New Zealand 
Lepidium (Brassicaceae); our results suggest a similar scenario is possible for 
Neotropical Polystachya, although greater taxon sampling would be required to confirm 
this.
The Malagasy tetraploids are also shown to be hybrids, and with parental species 
both genetically and morphologically more distant from each other than is the case 
with the pantropical group. As with the pantropical tetraploids, it is difficult to 
determine whether the clade results from one hybridisation event with subsequent 
divergence or multiple independent hybridisations. Hegarty & Hiscock (2008) noted 
that multiple origins of allotetraploids are to be expected, but in this case there is 
insufficient evidence from individual gene trees to suggest multiple origins. The fact 
that only one copy each of Rpb2 and PgiC could be sequenced in these species is 
probably due to preferential PCR amplification, however Feldman et al. (1997) found 
that low-copy DNA sequences can be eliminated from allopolyploid genomes rapidly 
in a non-random manner.
In contrast to the pantropical group, the Malagasy allotetraploids have not 
shown any remarkable long-distance dispersal capability, with the species remaining 
endemic to Madagascar and the Comoros (located approximately 340 km from 
Madagascar). The morphological variation within the group, however, is greater than 
within the pantropical species, which is consistent with hybridisation between 
genetically more distant parents and subsequent speciation (Paun et al., 2009). 
Conversely, lower morphological variation among members of the pantropical group is 
consistent with hybrid origins from more closely related parents (Hegarty & Hiscock, 
2005).
Morphologically, members of this group have floral morphology (texture and 
shape of perianth segments; shape of inflorescence) consistent with members of section 
Cultriformes from our clade V. The vegetative morphology (with multiple leaves on 
each shoot and an ovoid basal pseudobulb obscured by leaf bases) is more similar to 
members of section Polystachya in clade III (which includes the pantropical group). In 
our previous study based on plastid DNA sequences, we interpreted the apparent 
transition from the single-leaved habit of section Cultriformes to a section-Polystachya 
type habit with foliose shoots in the Malagasy species as a loss of the single-leaved 
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character. The results from this study allow us to modify that conclusion and suggest 
that if the clade originated with hybrids that were morphologically intermediate 
between the parents, then the single-leafed character was probably not ‘lost’ in the 
Malagasy group as a result of selection but was not among the characters inherited by 
members of the clade when it originated. 
Diploid P. cultriformis (clade V) is extant in Madagascar, and this species or one of 
its ancestors is likely to be one of the parent species; from clade III the only members of 
section Polystachya for which we have ploidy data are tetraploids, but it is possible that 
diploid members of this group also occur there. Field observations of Madagascan 
Polystachya have led workers to believe that hybridisation is a common and ongoing 
process (G. Fischer, A. Sieder, pers. comms.), and further investigations into the role of 
hybridisation in evolutionary processes on the island would be rewarding. This would 
require increased taxon sampling, more detailed morphological and geographical 
studies, and data from more genes and population markers.
As well as the two main tetraploid clades in this study, polyploidy occurs in 
several other groups in Polystachya. Some species occur as both diploids and 
tetraploids, so although this study has focussed on allotetraploids, autopolyploidy 
might also be an important process in the genus. Further study on other tetraploid 
groups would contribute to our understanding of the significance of polyploidy in the 
evolution and biogeography of the genus in the African mainland.
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1. ABSTRACT
AFLP markers were used to investigate relationships among Polystachya 
accessions from a group of closely related pantropical tetraploids. Sampling included 
single accessions from much of the range of the genus and whole populations in Costa 
Rica (CR) and Sri Lanka (SL) to compare population stucture and genetic diversity in 
those two countries in more detail. The two CR species, P. foliosa and P. masayensis were 
included in a phylogenetic analysis using nuclear low copy DNA data to establish their 
relationships. Phylogenetic analysis using DNA data confirmed that the CR Polystachya 
belong to a group of closely related Neotropical tetraploids. A splits graph of the 
complete AFLP data showed three major clusters corresponding to three sources of 
population sampling (P. concreta, SL; P. foliosa, CR; P. masayensis, CR), with individual 
accessions from Africa and Indian Ocean islands showing a closer relationship to P. 
concreta from SL than to the two CR species. Individual accessions from the Neotropics 
occur in more isolated positions in the splits network, with little resolution. Some P. 
foliosa accessions cluster with P. masayensis, suggesting some hybridisation between the 
two species, and this is confirmed by Structure analysis. However, splits network, 
Structure and AMOVA analyses indicate a generally high level of genetic divergence 
between the two CR species, despite their recent hybrid origin, occurrence in largely 
the same localities, and occasional hybridisation. P. foliosa from CR has a higher level of 
population-level genetic structure (ΦST = 0.291) than P. masayensis from CR (ΦST = 0.161) 
and P. concreta from SL (ΦST = 0.138) possibly due to its occurrence within a larger and 
more environmentally diverse continuous range than the other two. Strong genetic 
divergence between members of the pantropical group and non-monophyly of P. 
concreta suggest that species boundaries in this group should be revised.
Keywords: AFLP; Costa Rica; epiphytic orchid; low copy nuclear genes; phylogenetic 
analysis; Polystachya concreta; P. foliosa; P. masayensis; population structure; splits 
network; Sri Lanka.
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1.2. INTRODUCTION
Polystachya is a large orchid genus (ca. 250 species) occurring in Africa, southern 
Asia and the Americas. The centre of diversity is in Africa, but one group of species is 
found throughout the tropics. Although DNA sequence analysis has been informative 
in studies of the genus as a whole, relationships between members of this pantropical 
species group (including Polystachya concreta, P. foliosa, P. estrellensis, P. bicolor and other 
species) have not been well-resolved due to low levels of sequence divergence between 
the species, in both plastid and nuclear genes (Russell et al., 2009 & in prep. [Ch. 2&4]) 
Morphologically, species boundaries between widely-dispersed populations have also 
been difficult to determine. Chromosome counts and genome size measurements 
(Rupp et al., in prep [Ch. 3]; Russell et al., 2009) have shown that members of the 
pantropical group occurring outside Africa are allotetraploid and comparisons of DNA 
sequences from low copy nuclear genes suggest that plants found in the eastern half of 
the distribution originated separately from those in the west. These factors indicate 
recent origins coupled with a high capability for long distance dispersal. Other studies 
have shown comparable properties in allopolyploids from other families, but the 
tendency for rapid long distance dispersal is not commonly seen in orchid genera. 
There are eleven orchid genera with a pantropical distribution comparable to that of 
Polystachya, although several more have trans-Atlantic or trans-Pacific distributions 
(Dressler, 1993).
The pantropical Polystachya species group is taxonomically complicated. Much of 
the variation seen among populations throughout the tropics is taxonomically 
combined under the name Polystachya concreta (Jacq.) Garay & Sweet. This is best 
considered a convenient lumping together of several different species for which 
morphological boundaries are difficult to pinpoint in the herbarium. It is associated 
with a large number of synonyms (Garay & Sweet, 1974), some of which describe 
forms almost as morphologically diverse as P. concreta sl.
Although we know from previous work (Russell et al., 2009 and subm.) that 
Polystachya foliosa belongs to a group of Neotropical allotetraploids with close affinities 
to P. concreta, the relationships of P. masayensis have not yet been established using 
DNA sequences. For this study we obtained nuclear DNA sequences of the low copy 
nuclear genes PhyC and Rpb2 from Costa Rican P. foliosa and P. masayensis. PhyC is a 
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member of the phytochrome gene family that codes for proteins important in 
photoregulatory pathways; Rpb2 codes for a component of RNA polymerase. Both 
genes have been widely used in plant phylogenetics (e.g. Mathews & Sharrock, 1996; 
Oxelman et al., 2004; Samuel et al., 2005; Sun et al., 2009; Thomas et al., 2006). In 
previous work (Russell et al., subm.) they have proven useful in determining 
phylogenetic relationships among Polystachya tetraploids, and the Costa Rica 
accessions can be aligned with existing sequences to confirm that they belong to the 
same species group as the Neotropical P. concreta and P. foliosa in our previous study. 
Plastid data for this species group has been useful in demonstrating the close 
relatedness of members of this group, but as maternally inherited sequences, they can 
give incomplete or misleading results in the case of allopolyploid species. For example, 
while most members of the pantropical tetraploid Polystachya have similar plastid 
sequences, some accessions from Madagascar and Reunion have received their plastid 
genomes from a different parent and appear unrelated to conspecific accessions from 
other populations; cloning and sequencing nuclear low copy genes reveals that this is 
due to the hybrid origins of the group, and both parental sequences can be found in the 
nuclear genome (Russell et al., 2009 & subm.) 
This study will focus on the pantropical Polystachya group in more detail, 
including population level sampling in Sri Lanka and Costa Rica. P. concreta grows 
natively in Sri Lanka, and is the only species there. Twenty-one species are currently 
recognised in the Neotropics (Govaerts et al., 2008, World Checklist of 
Monocotyledons) of which three occur in Costa Rica. One of these, Polystachya lineata, is 
rarely recorded. The two more common species are P. foliosa and P. masayensis (Figure 
5.1) often found growing together. Costa Rica is an ideal place to collect, because 
Polystachya populations can be found readily, and the presence of only two common 
species simplifies the study design and analysis while providing the necessary material 
to answer the questions posed. 
As an alternative to DNA sequencing, we will use amplified fragment length 
polymorphism (AFLP) markers to estimate genetic distances and likely dispersal 
histories among accessions of P. concreta from Sri Lanka, P. foliosa and P. masayensis from 
Costa Rica, and isolated specimens of P. concreta and P. foliosa from other Indian Ocean 
islands, Africa and South America. AFLP analysis typically generates a large number of 
markers for genetic fingerprinting, and is appropriate for population-level studies and 
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closely-related species with little sequence divergence between accessions (Meudt & 
Clarke, 2007), including evolutionary studies of polyploid groups (Albach, 2007; Guo et 
al., 2006; Hedren et al., 2001). The specific aims of the study are i) to determine the 
phylogenetic relationships of Polystachya masayensis, especially with respect to Costa 
Rican P. foliosa; ii) to investigate phylogenetic relationships between populations of the 
pantropical Polystachya group from around the world iii) assess the extent to which P. 
foliosa and P. masayensis are genetically separated/interbreeding in Costa Rica. 
1.3. MATERIALS AND METHODS
Sampling of Polystachya was carried out at 17 sites in Costa Rica from March–
April 2008 and four sites in Sri Lanka in April 2009. Leaf material from 1–24 plants in 
each population was preserved in silica gel for DNA extraction (Chase & Hills, 1991). 
Voucher specimens were collected from all populations and are held at JBL and PDA 
herbaria (Jardín Botánico Lankester, Costa Rica and Royal Botanic Gardens, Sri Lanka). 
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Figure 5.1. Inflorescences of Polystachya species native to Costa Rica. A: P. foliosa. B: 
P. masayensis. Photographed at Lankester Botanical Gardens.
Additionally, 14 DNA samples from isolated Polystachya individuals from around the 
world were included. See Table 5.1 (Costa Rica, Sri Lanka populations) and Appendix 3 
(individual accessions from other areas) for accession details.
DNA extraction was performed using a CTAB protocol (Russell et al., 2009) 
modified from those of Doyle & Doyle (1987), Li et al. (2007) and Tel-Zur et al. (1999). 
Primers for polymerase chain reaction (PCR) were those used by Russell et al., (subm.): 
Rpb2-Pol-23F1 (CTC CAT TCA CTG ATG TTA CGG); Rpb2-Pol-23R (GAA CAG TGG 
TCA RCC TCC AAG); PhyCe1F2-or (AAG CCS TTY TAY GCA ATT CTA CAC CG); and 
PhyCe1R2-or (ATW GCA TCC ATY TCA ACA TCK TCC CA). PCR was carried out in 
20 µl reactions using 18.0 µl ABGene ReddyMix PCR Master Mix, 0.5 µl of each primer 
at 20 µM, and 1.0 µl template DNA. The PCR programme included an initial 
denaturation at 80°C for 5 minutes, 35 cycles of 94°C for 30 s, 58°C for 30 s and 72°C for 
two minutes, followed by a final extension of 72°C for five minutes. Products were gel-
purified and cloned using the pGEM-T Easy cloning system (Promega) following the 
manufacturer’s instructions. TE minipreps were made from successful transformants 
and these were used as template DNA for amplification and cycle sequencing using 
SP6 and T7 vector primers. Cycle sequencing was carried out in 10µl reactions with 
1.0µl ABI BigDye Terminators kit, 1.0µl sequencing primer at 3.2 µM, and 8.0µl PCR 
product cleaned using one unit calf intestinal alkaline phosphatase (Fermentas) and ten 
units exonuclease I (Fermentas)(Werle et al., 1994). The thermocycling programme 
included 30 cycles of 96°C for 10s, 50°C for 5s, and 60°C for 4 minutes. Sequencing was 
performed on a 48 capillary sequencer, Applied Biosystems (ABI) 3730 DNA Analyzer, 
following the manufacturer’s protocols.
Sequences were assembled with LaserGene 7.1 SeqMan (DNASTAR Inc.) and 
alignments of the cloned sequences from each accession were made. As described in 
Russell et al. (subm.) chimeric sequences were identified by eye and excluded and the 
two putatively parental sequence types from the P. foliosa and P. masayensis accessions 
were identified and aligned with pre-existing DNA sequences (Russell et al., subm.). 
Non-alignable and gap-rich (>50% missing data) regions were excluded from analysis. 
The matrix contained 1984 included characters of which 272 were potentially 
parsimony informative. Parsimony analysis on the combined PhyC/Rpb2 matrix was 
performed in PAUP* (Swofford, 2003) following a two-stage heuristic search strategy 
with TBR branch swapping and MaxTrees set to 10,000. Bootstrap percentages (BP) 
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were calculated using 1000 random heuristic search replicates saving ten trees per 
replicate.
AFLP data was collected using a standard laboratory protocol (Vos et al., 1995), 
using EcoR1 and Msa1 restriction enzymes and ligating to adapters. Sixteen primer 
combinations were tested on a few samples, and the three that gave the best signal 
distribution and clearest traces were then applied to the remainder of the samples 
(EcoR1-ACT/Mse1-CTA, EcoR1-ACC/Mse1-CTA, EcoR1-AGG/Mse1-CAG). Pre-
selective and selective PCRs were performed consecutively and the amplified 
fragments run on a 48-capillary sequencer. Fragments were size-calibrated and scored 
using GeneMarker software (SoftGenetics). Some samples were duplicated between 
runs as internal controls, and these duplicated samples used to create a panel of 
reproducible markers that could then be applied to the remainder of the samples using 
automatic scoring with manual checking. The final matrix contained 158 polymorphic 
markers between 100 and 450 bp in size, coded as present or absent for 161 accessions.
Network analysis was performed on the entire dataset using Splitstree (Huson & 
Bryant, 2006) using standard Nei-Li distances. Standard genetic diversity indices for 
AFLP data were calculated for the Costa Rica and Sri Lanka population-level samples. 
Nei's measure of average gene diversity per locus, HS (Nei, 1973), which is identical to 
the measure of average differences within populations (ADW; McCain et al., 1992), was 
calculated in AFLPdat (Ehrich, 2006) using the formula HS = n/(n–1) · [1 – (freq(1)2 + 
freq(0)2)] averaged across all markers. AMOVA analysis (Excoffier et al., 1992) was 
performed in FAMD v1.2 (Schlüter & Harris, 2006) based on standard Jaccard 
similarities; this generates the measure ΦST, the proportion of genotypic variance due 
to among-population differences. The three species for which accessions were grouped 
at population level were subjected separately to 2-level AMOVA analysis. The Costa 
Rica populations could be grouped by species and populations, and so were also 
subjected to 3-level AMOVA. We also used Hickory v1.1 (Holsinger et al., 2002) as an 
alternative approach to calculate hs and θ(II), measures of within-population genetic 
diversity and among-population genetic variation. Hickory uses a Bayesian method to 
infer numerous population genetic statistics from dominant data, without assuming 
the populations are in Hardy-Weinberg equilibrium.
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We used Structure 2.2 (Pritchard et al., 2000) to analyse the genetic make up of 
Costa Rica individuals and populations from both P. foliosa and P. masayensis. The data 
were entered as tetraploid dominant genotypes and Bayesian analysis was performed 
applying an admixture model, a burn-in of 10,000 generations and a subsequent run 
length of 100,000 generations, testing values of k (assumed number of genetic 
populations) between 1 and 16 with three replicates per k value. The R-script 
Structure2.2-sum (Ehrich, 2008) was used to determine the most appropriate value of k 
for the data, as the modal value of the ΔK parameter.
1.4. RESULTS
Parsimony analysis of the combined PhyC/Rpb2 DNA data found the maximum 
10,000 shortest trees, which had length 797, consistency index (CI) 0.80 and retention 
index (RI) 0.89. The strict consensus is shown in Figure 5.2. Tetraploid accessions had 
two copies of both the genes, and as a result appear in two separate clades; these have 
been redrawn on the tree as reticulations. Both clades arose from a parent sister to P. 
odorata and/or P. modesta but the clade containing Indian Ocean Island P. concreta and P. 
bicolor accessions had another parent sister to a P. golungensis/P. pinicola clade, while the 
clade comprising Neotropical P. concreta, P. estrellensis, P. foliosa and P. masayensis has a 
parent sister to P. pinicola. The two Costa Rica species belong to a hybrid tetraploid 
clade including other Neotropical P. foliosa and P. concreta accessions.
A splits graph of the complete data matrix is presented in Figure 5.3. Our sample 
of Polystachya concreta from Cameroon groups with P. estrellensis from Brazil and P. 
foliosa from Dominica. Single specimens of P. concreta from Madagascar, Indian Ocean 
islands and Laos cluster together as do the Sri Lankan P. concreta accessions. From the 
Costa Rican populations that make up the main focus of this study, the P. masayensis 
accessions cluster together, and some P. foliosa accessions also cluster with P. masayensis 
instead of the main P. foliosa group. Single accessions of P. concreta and P. foliosa from 
Venezuela appear relatively isolated genetically, although one of them groups with two 
Costa Rican P. foliosa accessions.
Table 5.1 presents collection numbers for Sri Lanka  and Costa Rica populations, 
together with co-ordinates of collecting localities, AFLP marker polymorphism and 
two estimates of Nei's gene diversity index, HS/hs. The AFLPdat value (HS) is obtained 
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Figure 5.2. Strict consensus tree from maximum parsimony analysis of a combined 
PhyC/Rpb2 DNA matrix. Tetraploid sequences including those from the two Costa Rica 
species (coloured) were obtained by cloning PCR products and aligning two parental 
sequence types separately in the matrix. As a result the tetraploid accessions occur 
twice, with the parental sequences appearing in different clades, and have been 
redrawn here to show their putative hybrid origins. The remaining species included here 
are diploids.
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Figure 5.3. Splits network from neighbour-net analysis of the complete AFLP dataset in 
Splitstree, based on standard Nei-Li distance data. Red = Sri Lanka Polystachya concreta; 
yellow = African and Indian Ocean samples; light blue = Neotropical samples excluding 
Costa Rica; dark blue = Costa Rica P. masayensis; green = Costa Rica P. foliosa. Some 
collectors' initials are abbreviated; B = Bogarín, R = Russell, S = Samuel.
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Table 5.1. Populations from Costa Rica and Sri Lanka with collection numbers, 
location, number of individuals (N) and within-population marker variation expressed as 
fragment polymorphism and Nei's gene diversity index (HS). This was calculated for 
populations with three or more individuals arithmetically using AFLPdat (HS) and by 
Bayesian analysis of dominant population genetic data using Hickory v1.1 (hs).
Population Location N No. var. bands
% var. 
bands
HS 
(AFLPdat)
hs ± s.d.
(Hickory)
P. concreta (Sri Lanka)
Samuel SL-H 7°16'N 80°38'E 10 99 65 0.22 0.30 ± 0.01
Samuel SL-L 7°17'N 80°46'E 5 81 53 0.25 0.30 ± 0.01
Samuel SL-P 6°47'N 79°55'E 4 53 34 0.19 0.28 ± 0.01
Samuel SL-RBG 7°16'N 80°36'E 3 57 36 0.24 0.30 ± 0.01
P. foliosa (Costa Rica)
Bogarín 4146 9°48'N 83°50'W 1 – – – –
Bogarín 4167 9°48'N 83°42'W 1 – – – –
Bogarín 4199 9°49'N 83°33'W 13 108 69 0.23 0.27 ± 0.01
Bogarín 4200 9°49'N 83°32'W 2 36 23 – –
Bogarín 4218 9°50'N 83°53'W 10 90 57 0.19 0.24 ± 0.01
Bogarín 4821 9°47'N 83°46'W 1 – – – –
Bogarín 5036 9°58'N 84°38'W 4 73 47 0.26 0.26 ± 0.01
Bogarín 5066 10°20'N 84°0'W 11 86 56 0.20 0.25 ± 0.01
Pupulin 6097 10°45'N 85°5'W 1 – – – –
Pupulin & 
Castelfranco s.n. 9°31'N 84°5'W 1 – – – –
Russell 116 9°53'N 83°39'W 7 94 59 0.28 0.30 ± 0.01
Russell 119 10°3'N 83°37'W 2 17 11 – –
Russell 120 9°50'N 83°51'W 12 79 50 0.17 0.23 ± 0.01
Russell 121 8°42'N 83°12'W 8 83 53 0.21 0.25 ± 0.01
Russell 122 8°38'N 83°11'W 20 64 41 0.14 0.20 ± 0.01
P. masayensis (Costa Rica)
Bogarín 4168 9°48'N 83°42'W 10 71 45 0.17 0.26 ± 0.01
Bogarín 4254 10°3'N 83°37'W 2 44 28 – –
Bogarín 4255 9°53'N 83°39'W 17 108 69 0.22 0.30 ± 0.01
Karremans 2224 9°52'N 83°48'W 1 – – – –
Russell 111 9°48'N 83°50'W 1 – – – –
directly from fragment presence and absence; the Hickory value (hs) is inferred from 
Bayesian analysis taking into account the fact that the matrix comprises dominant data 
and without assuming Hardy-Weinberg equilibrium. It is an average of estimates 
sampled from a Monte Carlo Markov chain, with standard deviation. hs is higher than 
HS for all populations except Bogarín 5036, but the estimates are correlated. HS  varies 
from 0.14 (Russell 122; P. foliosa) to 0.28 (Russell 116; P. foliosa) while hs varies from 0.20 
(Russell 122; P. foliosa) to 0.30 (several populations from all three species). 
The results from AMOVA analysis of the Costa Rica and Sri Lanka accessions are 
presented in Table 5.2 with corresponding ΦST values representing the proportion of 
genetic variance attributable to among-population variation. This is highest for P. 
foliosa, at 0.291 and lowest for Sri Lankan P. concreta at 0.138. A separate, 3-level 
AMOVA for the combined Costa Rica data showed that the greatest contribution 
(48.9%) to variance in the Costa Rica samples at this level is from genetic differences 
between the two species. An alternative measure of among-population variation is 
provided by θ(II) from Hickory v1.1. This, like hs above, is calculated using a Bayesian 
algorithm explicitly assuming dominant data. It assumes that the included populations 
are a random sample of all possible populations, incorporating stochasticity as a source 
of variation. θ(II) estimates again suggest P. foliosa has the highest proportion of among-
population variation (θ(II) = 0.20, compared with 0.10 for P. masayensis and 0.13 for Sri 
Lankan P. concreta).
Structure2.2-sum showed a bimodal distribution of ΔK, with the highest peak at 
k=2 and a secondary peak at k=6 (Figure 5.4). Normally the modal value indicates 
where average likelihood values for structure runs, plotted for increasing values of k, 
stop increasing sharply as k increases and start to plateau. A bimodal distribution of ΔK 
for Costa Rica population data with the highest peak at k=2 could be a result of high 
genetic variability between the two species, with additional genetic structure apparent 
below the species level, as indicated by the second peak. Therefore Structure results are 
presented in Figure 5.4 for k=2 and k=6. In both cases, P. masayensis populations share 
the same genetic population with some admixture from the P. foliosa genetic group(s), 
while P. foliosa shows a similarly small amount of admixture from the P. masayensis 
genetic group, mostly in the population Russell 116. The extra genetic populations 
assumed in the k=6 run are admixed among the P. foliosa populations and do not 
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Table 5.2. AMOVA analysis using FAMD v1.2 and  Bayesian analysis of dominant 
population genetic data using Hickory v1.1, for Sri Lanka and Costa Rica accessions. 
ΦST as calculated by FAMD and θ(II) as calculated by Hickory are the resulting 
measures of genetic differentiation among populations.
AMOVA Hickory
Species df Variance components
% 
variation ΦST θ(II) ± s.d.
P. concreta (Sri Lanka) 0.138 0.13 ± 0.02
Among populations 3 0.008 13.8
Within populations 18 0.052 86.2
P. foliosa (Costa Rica) 0.291 0.20 ± 0.01
Among populations 14 0.014 29.1
Within populations 79 0.033 70.9
P. masayensis (Costa Rica) 0.161 0.10 ± 0.02
Among populations 4 0.007 16.1
Within populations 26 0.036 83.9
All Costa Rica populations 
(P. foliosa and P. masayensis) 0.626
Among species 1 0.044 48.9
Among pops., within spp. 18 0.012 13.7
Within populations 105 0.034 37.4
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Figure 5.4. Structure v2.2 analysis of Costa Rica AFLP accessions. (a) Mean log 
likelihood values of Structure runs for differenct values of k. (b) ∆K values as calculated 
by Structure2.2-sum. (c) Results of admixture analysis when k=2, with accessions 
represented as columns grouped by population. (d) Results of admixture analysis when 
k=6. Colours represent different genetic groups.
strictly conform to the populations as they occur in the field; however, Russell 120, 121 
and 122 are three larger physical populations (n ≥ 8) that also correspond to three 
genetic groups with little admixture from other groups. From Figure 5.5, the genetic 
groups from the k=6 model also do not appear to correlate to the geographical locations 
of collecting sites; two of the most genetically distinct P. foliosa populations occur close 
together, 7.6 km apart in the south of Costa Rica.
1.5. DISCUSSION
DNA sequence analysis of two low-copy nuclear genes allowed us to confirm 
that Costa Rican P. masayensis and P. foliosa are closely allied species with recent hybrid 
origins and belong to the same species group as other Neotropical Polystachya 
accessions (Russell et al., 2009 & subm.). The additional accessions included in this 
analysis did not allow greater resolution in the phylogeny of this group, further to our 
previous work using plastid and low-copy DNA sequences, due to low levels of 
sequence divergence between them.
More detailed phylogenetic information came from AFLP data. On the global 
scale, accessions from the pantropical Polystachya species group cluster geographically 
and by species. Sri Lankan P. concreta populations show closest relationships with other 
Indian Ocean island accessions. Single accessions from Brazil, Venezuela and Dominica 
appear in the network in isolated positions; they appear more closely related to the 
Costa Rica populations than to other accessions from the Paleotopics except for one 
accession of P. foliosa from Dominica and one of P. estrellensis from Brazil. The low 
resolution at the core of the network suggests that more primer combinations may be 
necessary to provide enough markers to fully resolve relationships among these 
accessions. Figure 5.3 shows a degree of genetic separation between P. foliosa and P. 
masayensis in Costa Rica comparable to the separation seen between those two species 
and accessions from Sri Lanka, Madagascar and the Indian Ocean Islands, with the 
exception of five P. foliosa individuals that group close to P. masayensis. Although we 
know from DNA sequence data that the two species are closely related, this suggests 
that they are fully separated species, and as expected from related species growing in 
close proximity, produce occasional hybrids.
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Figure 5.5. Map of collecting sites in Costa Rica. Small open circles are locations of 
Polystachya populations. Pie charts show genetic composition of each population from 
Structure analysis (k=6). Blue population names are P. masayensis populations; green 
names are P. foliosa populations. Collectors' names have been abbreviated: B = 
Bogarín, C = Castelfranco, K = Karremans, P = Pupulin, R = Russell.
Indices of population genetic variation also support this result. Three-level 
AMOVA on the Costa Rica populations shows between-species variance to be higher 
than both among-population/within-species and within-population variance, 
indicating a high level of genetic separation between the two species. Two-level 
AMOVA analyses of the species for which multiple samples were gathered per 
population (P. concreta from Sri Lanka; P. foliosa and P. masayensis from Costa Rica) 
indicate that P. foliosa has higher among-population variation than the other two 
species; this is corroborated by a higher θ(II) value from Bayesian analysis in Hickory. In 
all three species, within-population variance accounted for most of the variation (70.9–
86.2%). The low levels of among-population variation shown here are consistent with 
other studies of epiphytic orchids (Ackerman & Ward, 1999; Ávila-Díaz & Oyama, 
2007; Murren, 2003; Trapnell et al., 2004). Epiphytes have generally been found to have 
low population structure, due to the transient nature of the epiphytic habitat, high 
capacity for wind dispersal of seeds (Murren & Ellison, 1998b), and high pollinator 
mobility (Trapnell & Hamrick, 2005). The higher level of among-population variation 
in P. foliosa could be due to biological differences such as different breeding systems: if 
there were greater levels of self-pollination or apomixis in P. masayensis and Sri Lankan 
P. concreta this might reduce measures of population variability relative to P. foliosa. 
Pansarin & Amaral (2006) found that P. estrellensis in SE Brazil reproduces primarily by 
selfing whereas P. concreta also in SE Brazil is primarily outcrossing with a range of 
Apidae and Halactidae pollinators. However, there are no consistent differences in 
within-population genetic diversity (Table 5.1) between the three species to provide 
evidence for major differences in breeding system (although some populations do have 
lower diversity indices than others). More populations would need to be collected and 
field observations of pollination systems made to make firm conclusions. Another 
reason could be that P. foliosa is more widespread and more variable in its habitat 
preferences than P. masayensis, factors which could contribute to greater population 
structure in the former (Ávila-Díaz & Oyama, 2007; Wallace, 2004), and population 
variation in P. concreta in Sri Lanka could be reduced due to its occurrence on an island; 
island population-groups would generally be expected to have lower population 
diversity than mainland equivalents (Frankham, 1997).
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From DNA data, P. foliosa and P. masayensis separated only recently and grow in 
the same locations and same habitats: P. foliosa is more common and less restricted in 
its distribution, but all of the P. masayensis populations occurred in close proximity to P. 
foliosa populations except for the single specimen Karremans 2224. One might therefore 
expect introgression between the populations to be common. Structure analysis agreed 
with neighbour-network analysis (Figure 5.3) in finding evidence of admixture in two 
populations of P. foliosa growing at the same locality as P. masayensis populations, 
especially under the k=2 model, but other populations showed little introgression. 
There was a small amount of admixture between the two species' genetic groups in all 
populations but a tendency for highly admixed individuals to mostly belong to P. 
foliosa populations. The results show a high degree of separation between the two 
species and this is also seen in the 3-level AMOVA results, discussed above.
This is a comparable situation to Dactylorhiza (Orchidaceae) in Europe, another 
group in which allotetraploid complexes with multiple independent origins are known 
to occur (Hedren, 1996; Hedren et al., 2001). In Dactylorhiza, co-occurring species 
(diploid or tetraploid) tend to inhabit different microhabitats when they co-occur 
(Stahlberg, 2009) and although hybrid zones exist the different parental species retain 
their genetic identity. In this case occassional introgression has probably been an 
important factor allowing rapid colonisation of new habitats in northern Europe 
following the last Ice Age (Hedren, 2003).
Applying the k=6 model instead of k=2 to Costa Rica populations served to add 
more structure to the P. foliosa populations only; the P. masayensis populations still 
showed no genetic structure. This supports the conclusion from AMOVA that P. foliosa 
has higher among-population diversity than P. masayensis. While most P. foliosa 
populations comprising more than three individuals had a mixed genetic make up 
from five of the six genetic populations identified by Structure, three populations were 
relatively homogeneous. In some populations, the presence of individuals from 
apparently different genetic groups could indicate a tendency for suitable habitats to be 
occupied when they appear by opportunistic individuals from different populations, 
possibly after seed dispersal from considerable distances (Murren & Ellison, 1998a). 
The presence of multiple population founders would therefore lead to greater within-
population genetic diversity compared to populations that have arisen from a single 
individual, as is more likely to be the case in the three homogenous populations. The 
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lack of geographical correlation to genetic structure evident from Figure 5.3 is 
consistent with a high dispersal capability and it would be interesting to see at what 
spatial scales population genetic structure in this species starts to correlate with 
geographical distance. 
Considering the Eastern Hemisphere accession, the clustering together of Indian 
Ocean island P. concreta (Figure 5.3) excluding Sri Lanka populations suggests that P. 
concreta may have colonised Sri Lanka by direct long-distance dispersal rather than by 
a "Lemurian Stepping Stones" (Schatz, 1996) route between Africa and Asia. It is clear 
from DNA sequence data that dispersal out of Africa/Madagascar occurred relatively 
recently. Considering the large distances between island groups in the Indian Ocean it 
would have been a stochastic process driven by occasional transfer of seed by wind, 
water or animal dispersal agents (Arditti & Ghani, 2000). There were probably multiple 
dispersals to different island groups or to Asia rather than an identifiable dispersal 
route between Africa and Asia; a similar situation has occurred in Exacum 
(Gentianaceae; Yuan et al., 2005). However, greater sampling of Malagasy and African 
accessions would be needed to confirm specific hypotheses for dispersal routes across 
the Indian Ocean.
It is clear from Figure 5.3 that Neotropical accessions of P. concreta are genetically 
closer to other Neotropical species than they are to Paleotropical P. concreta. This agrees 
with our findings from nuclear DNA sequences (Figure 5.2 and Russell et al., in prep.) 
that Neo- and Paleotropical tetraploids originated independently from hybrids 
between different sets of parents. The Garay & Sweet (1974) definition of P. concreta 
incorporated considerable morphological variation between populations in different 
parts of the world and was perhaps too broad; this has been the feeling of some 
taxonomists in the field (P. Cribb, J. Mytnik-Esjmont, pers comms.) The results from 
this study strengthen the view that the species should be revisited and the 
morphological and genetic diversity clearly present should be taxonomically 
recognised; correct species definitions have wider benefits for conservation and future 
biological work.
Further work should involve wider, and finer-scale sampling from the study 
areas to enable genetic structure to be correlated with geographical and ecological 
differences among populations. Additional knowledge of the plants' biology would be 
useful in interpreting genetic structure results, for example observations of the 
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breeding systems of the species involved using controlled pollination experiments. A 
greater number of primer pairs to detect more AFLP markers would also enable more 
detailed genetic information to be obtained. The general biogeographical and 
taxonomic conclusions would be strengthened by increased sampling from throughout 
the range of the species group.
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Chapter 6
Expanded Polystachya plastid phylogeny and biogeography
6.1. INTRODUCTION
Polystachya Hook. is an orchid genus of ca. 250 species distributed pantropically, 
with most species found in tropical Africa. Within Orchidaceae, the taxonomic affinities 
of the genus have been unclear historically but it is now included in the tribe Vandeae, 
subfamily Epidendroideae. A phylogeny of the genus based on plastid DNA was 
published by Russell et al. (2009) [Ch. 2]. In that study we found the genus could 
divided into five main clades that together arose from a grade of less species-rich sister 
clades. Polystachya affinis was the sister to the rest of the genus.
The Russell et al. (2009) paper used the ancestral distribution analysis software 
Lagrange (Ree & Smith, 2008) to show strong affinities of four of the five main clades to 
either "eastern" or "western" distribution areas in Africa, with an apparently deep 
phylogenetic split between separate radiations of the genus in these areas. Species 
belonging to the early-diverging lineages tended to have an eastern distribution. 
Current centres of diversity in montane forests of the Rift Valley and Eastern Arc 
Mountains (eastern area), and wet lowland forests surrounding the Gulf of Guinea 
(western area) are probably a result of recent (Pleistocene) cycles of aridification in 
tropical Africa that depleted the continent's biodiversity except in some areas where 
fragments of tropical forest persisted (Cohen et al., 2007; Nichol, 1999). Despite this 
east/west phylogenetic divide, many species are widely distributed across Africa with 
(sometimes disjunct) populations in both eastern and western areas. These species 
indicate a directional dispersal bias from west to east, with 12 species associated with 
western African clades extending their distribution to eastern Africa, compared to two 
species from eastern clades extending to western Africa. None of the range expansions 
in mainland Africa involving species in the Russell et al. (2009) study has led to 
speciation due to geographical isolation. This would have manifested as species 
endemic to eastern Africa occurring in a western Africa clade or vice versa. Increased 
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taxon sampling might have revealed instances where this has happened, and one 
species group represented by P. galeata, P. nyanzensis and P. fulvilabia is taxonomically 
complex, with much variation existing between populations in different areas but with 
species boundaries that are difficult to define (J. Mytnik-Esjmont, pers. comm.) It is 
possible that separate species endemic to eastern or western areas exist in this group, 
but have not yet been recognised taxonomically.
Other distribution areas in our previous study were Asia, the Neotropics and the 
Indian Ocean islands including Madagascar. Species occurring in these areas were 
found to belong mainly to a single clade with its origin in Africa but with most species 
widespread in Africa and no clear pattern of distribution in terms of the eastern/
western areas found in other clades. There have been apparently two separate 
dispersals to the Neotropics. One species group with little sequence divergence 
between accessions contains plants from the Neotropics, Asia, Africa and the Indian 
Ocean islands. Morphologically the species involved are similar to the widespread P. 
concreta (Jacq.) Garay & Sweet. We observed that members of the P. concreta group 
outside Africa were tetraploid (Russell et al., 2009; Rupp et al., in prep. [Ch. 3]) Further 
phylogenetic investigation involving biparentally-inherited nuclear gene sequences 
(Russell et al. subm. [Ch. 4] & in prep. [Ch. 5]) revealed the origins of these accessions 
in more detail. Polyploid members of the group have hybrid origins, and Neotropical 
and Paleotropical members of the group arose independently. Using plastid data, two 
accessions from Madagascar and Reunion assigned to P. concreta appeared in a 
different clade and did not seem closely related, but using nuclear genes those 
accessions were shown to belong to the same species group as other P. concreta 
accessions but to have received their plastid genomes from the other parent. This 
suggested multiple independent origins of the pantropical tetraploids and repeated 
dispersal from Africa and/or Madagascar. Some observed morphological differences 
among populations on some Indian Ocean islands can be explained by this. For 
example the Seychelles are home to two distinct P. concreta variants (Robertson, 1989; 
K. Joliffe, pers. comm.): one has a typical P. concreta appearance with green flowers, 
similar to the species on mainland Africa, Asia and Sri Lanka; the other is also known 
by the synonym P. bicolor Rolfe and is smaller with fewer leaves and a less branched 
inflorescence with pink and white flowers, similar to smaller, bicolored forms on 
Madagascar (the species on Madagascar is especially variable.) A unique dispersal to 
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the Seychelles followed by divergence into two variants is possible, but independent 
dispersals to the Seychelles seems more likely, especially considering the similarities of 
both Seychelles forms to those in other areas.
This study represents a follow-up to Russell et al. (2009), using additional 
accessions that have become available for molecular analysis since the previous study 
and exploring ancestral distribution areas and current distribution patterns in more 
detail. Twenty-eight additional accessions and five additional species will be 
incorporated into our hypothesis of Polystachya phylogenetics based on plastid DNA. 
Especially, because of its pantropical distribution and complex dispersal history, a 
larger number of accessions from the P. concreta group are included here. 
For the previous study, the division of Africa into eastern and western areas was 
appropriate to achieve well-supported, unambiguous ancestral distribution results 
using Lagrange and DIVA. Increasing the number of areas increases the number of 
possible ancestral areas exponentially, which in turn increases the run time and leads to 
ambiguous results. However, it was apparent from studying distribution data sources 
that within Africa there are more than two areas that can be described such that each 
one has a high species number and a high proportion of endemics. We would like to 
see if the broad pattern of endemism to eastern and western Africa at deep 
phylogenetic levels can also be seen for smaller areas. For example, our previous study 
showed an early series of divergences in eastern Africa, and we know that some of the 
species belonging to the early-diverging clades are endemic to the Eastern Arc 
Mountains, so would it be reasonable to infer that the Eastern Arc Mountains are the 
most likely location for the early evolution of the genus? In this study Africa will be 
divided into four areas broadly representing centres of diversity and endemism. The 
inclusion of more P. concreta specimens makes it sensible for this species to assign each 
accession to its area of origin, instead of assigning the entire distribution of P. concreta 
to all of the accessions as in the previous study.
Possible reasons for the clear east-west division in the Polystachya plastid tree, 
and the greater dispersal from western to eastern distribution areas instead of from 
eastern to western, are discussed in Russell et al. (2009). They include elevational 
differences between tropical forests in the eastern and western areas (Coetzee, 1964) 
and the contraction of tropical forests to small pockets during dry periods brought 
about by global ice ages during the Pleistocene. This chapter presents additional 
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altitude data for 134 Polystachya species and discusses possible reasons for African 
distribution patterns in more detail. The specific hypotheses to be tested here are that 
Polystachya species endemic to eastern Africa inhabit higher-altitude forests than those 
endemic to western Africa, and that the more geographically widespread species are 
also less constrained by altitude.
6.2. MATERIALS AND METHODS
DNA extraction was carried out using a modified CTAB protocol (Doyle & Doyle, 
1987; Tel-Zur et al., 1999); see Russell et al. (2009) [Ch. 2] for sources of material, plastid 
DNA regions used and details of DNA extraction and sequencing. Specimen voucher 
details and GenBank numbers are provided in Appendix 1. Sequences were aligned 
using Muscle (Edgar, 2004) and alignments were adjusted by hand in MacClade 
(Maddison & Maddison, 2005) following the guidelines of Kelchner (2000). Non-
alignable regions or sites with >50% missing data were excluded. Phylogenetic 
analyses were carried out in the same way as for Russell et al. (2009): maximum 
parsimony analysis was performed in PAUP* (Swofford, 2003) using a two-stage 
heuristic search strategy, with an initial run of 1000 random addition replicate saving 
ten trees per replicate, then a second run using the saved trees with TBR branch 
swapping and MaxTrees set to 50,000. Bootstrap percentages (BP) were calculated in 
PAUP* using 1000 bootstrap replicates of TBR branch swapping saving ten trees per 
replicate. Bayesian inference was performed in MrBayes 2.1 (Huelsenbeck & Ronquist, 
2001), using the resources of the University of Oslo Bioportal (https://
www.bioportal.uio.no), running two independent sets of four metropolis-coupled 
Monte Carlo Markov chains (MCMC) for five million generations sampling every 500 
generations, with heating set to 0.1 and a GTR+I+G nucleotide substitution model.
Lagrange v2009.10.04 (Ree & Smith, 2008) was used to infer historical 
distributions of internal nodes. Each accession was assigned to one or more of seven 
non-overlapping areas representing major divisions of the total range of Polystachya. 
These included four areas on mainland Africa (Figure 6.1). The “western Africa” (W) 
area used for Russell et al. (2009) is unchanged in this study, but “eastern Africa” is 
divided into three areas: “NE,” north-eastern Africa; “SE,” south-eastern Africa; and 
“Arc,” the Eastern Arc Mountains. Species distributions were inferred from literature 
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sources (Cribb, 1978, 1984; Geerinck, 1980a, b, 1992; la Croix & Cribb, 1998; Podzorski 
& Cribb, 1979; Szlachetko & Olszewski, 2001; Szlachetko et al., 2004) and the World 
Monocot Checklist (Govaerts et al., 2008). The phylogenetic tree on which we mapped 
ancestral distributions was the maximum clade credibility tree from Bayesian analysis, 
as calculated by TreeAnnotator (Rambaut & Drummond, 2008) after manually 
removing the burnin trees from the two MrBayes runs and combining them in a single 
file. This is the fully resolved tree from the MCMC sampling with the highest product 
of clade posterior probabilities; Lagrange requires a single, fully resolved tree with 
branch lengths on which to run.
As well as recording distribution areas, altitude data for African species were 
collected in the form of minimum and maximum altitudes quoted in taxonomic 
literature. The 134 species for which these data were available were grouped by 
distribution following the simpler scheme used in Russell et al. (2009): eastern 
endemics, western endemics or widespread if their distribution included both areas. 
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Figure 6.1. Africa distribution map (from Figure 1.3), with areas used for analysis of 
ancestral distributions.
ANOVA (d.f.=133) was used to determine if differences between species groups were 
significant.
6.3. RESULTS
Parsimony analysis of the combined plastid data found the maximum 50,000 
shortest trees, which had length 2694, consistency index (CI) 0.67 and retention index 
(RI) 0.85. The strict consensus tree is presented in Figure 6.2. The 50% consensus tree 
from Bayesian analysis of the same data matrix (not shown) was congruent with the 
parsimony tree except for the basal-most (outgroup) nodes. As with our previous study 
based on plastid DNA, the Bayesian tree was better resolved than the parsimony strict 
consensus tree, but the parsimony tree is also itself well-resolved and the clades found 
are well-supported by both bootstrap percentages and Bayesian posterior probabilities. 
The five main clades identified by Russell et al. (2009) were also recovered here and are 
marked on Figures 6.2 and 6.3.
Additional taxa in this analysis compared Russell et al. (2009) [Ch. 2] are 
Polystachya bancoensis, which is sister to P. affinis; P. masayensis, which is sister to P. 
pinicola; P. teitensis, which forms a polytomy with two accessions of P. campyloglossa; P. 
disiformis, which is sister to P. campyloglossa and P. teitensis; P. valentina, which is sister to 
P. pubescens; and P. caespitifica ssp. hollandii, which forms a polytomy with three 
accessions of P. caespitifica ssp. caespitifica. Some species that were included in our 
previous study are represented here with additional accessions; in these cases, 
accessions from the same species group together. For example an additional 12 
accessions of P. concreta are included here, and as with the previous analysis they form 
two clades, one (containing the majority of accessions) sister to P. odorata and the other 
(comprising five accessions from Madagascar, Reunion and Gabon) sister to a P. 
golungensis/P. pinicola/P. masayensis clade.
The maximum clade credibility tree from Bayesian analysis including the results 
from Lagrange analysis is presented in Figure 6.3. A distinction has been made 
between well supported ancestral distributions, for which Lagrange returned a relative 
probability rp>0.90 for a particular split, and less well supported ancestral 
distributions, which received a relative probability of 0.75<rp<0.90. These differences in 
relative probability support are shown as thick or thin lines on Figure 6.3. Results with 
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Figure 6.2 part 1 (continued overleaf, with caption.) 
118
Figure 6.2 part 2 (continued from overleaf.) Strict consensus tree from maximum 
parsimony analysis of plastid DNA sequences. Numbers above branches are bootstrap 
percentages; numbers below branches are clade posterior probabilities from Bayesian 
analysis.
rp<0.75 were ignored as insufficiently supported; in practice, most of these clades 
received rp<0.50 and only two received 0.50<rp<0.75. Clades I and II have have largely 
western African origins. Within clades IV and V, some subclades have diversified 
within the three eastern African areas specified, especially a P. valentina/P. lawrenceana 
clade of eight species in south-eastern Africa. Apart from the clearly western African 
clades I and II, Lagrange generally did not find support for particular distribution 
areas at deeper phylogenetic levels, except for a north-eastern origin of clade V and a 
north-eastern origin of the large and widespread P. eurychila/P. concreta clade. 
Although none of the splits in the main P. concreta clade were well supported by 
parsimony analysis, the P. concreta group accessions tended to group together 
geographically. The Neotropical accessions of P. concreta and P. foliosa form a single 
clade. Sri Lankan P. concreta joins to a clade of accessions from Mauritius, the Comoros 
and mainland Africa (P. modesta 2), while two accessions of P. concreta from Laos join a 
clade of accessions from Madagascar and the Seychelles.
Analysis of altitude data (Figure 6.4) showed that the three categories of species 
examined overlap strongly in their minimum and maximum altitude and their altitude 
range, but the average minimum altitude of species endemic to eastern Africa (1346m) 
is significantly higher than that of western Africa endemics and widespread species 
(818m & 553m; P<0.001). The average maximum altitude for western Africa species 
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Figure 6.3 (overleaf.) Maximum clade credibility tree from Bayesian analysis of 
Polystachya plastid data; outgroup species are excluded to save space and because 
they were not included in the biogeographic analysis. Coloured lines indicate the 
distribution of each descendent of an internal node as inferred from Lagrange. Extant 
distributions are also indicated in the taxon label at the accession level for P. concreta 
and at species level for all other accessions. Key: red/Am = Neotropics; dark blue/W = 
western Africa; light blue/NE = north eastern Africa; dark green/SE = south eastern 
Africa; light green/Arc = Eastern Arc Mountains; yellow/IO = Indian Ocean islands and 
Madagascar; orange/Asia = Asia. Thick coloured lines indicate a Lagrange result with 
>90% relative probability; thin coloured lines indicate a Lagrange result with 70–90% 
relative probability; black lines indicate ambiguous or inconclusive results from 
Lagrange.
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Figure 6.3. Caption on previous page.
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Figure 6.4. Minimum and maximum altitude and altitude range for three categories of 
Polystachya species: western endemics, eastern endemics and widespread species 
found in both areas. Left side: frequency bar charts. Right side: averages for each 
category ± 1 standard deviation; letters a and b indicate significantly different altitudes 
(ANOVA; P<0.05, d.f.=133).
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(1263m) is lower than the average for eastern endemics and widespread species (1958m 
& 2050m; P<0.001). Those species that grow in both distribution areas have a greater 
altitude range (1497m) than those that are endemic to eastern and western Africa 
(612m & 445m; P<0.001).
6.4. DISCUSSION
The additional accessions included in the phylogenetic analysis provide useful 
information for five species not previously included in phylogenetic analyses. 
Polystachya bancoensis is confirmed as a close sister species to the morphologically 
similar P. affinis. Polystachya mukandaensis is shown to be distinct from the P. concreta 
complex, as sister to P. dolichophylla; its status has previously been questioned (e.g. 
Cribb, 1984). Nuclear DNA analyses have previously included the tetraploid P. 
masayensis (Russell et al., subm. [Chapter 5]) and shown it to belong to a closely-related 
group of allotetraploids along with P. foliosa and Neotropical accessions of P. concreta. 
This is not apparent from analysis of plastid DNA, which instead shows it as sister to P. 
pinicola, a diploid native to Brazil (Russell et al., 2009). This suggests an independent 
hybrid origin from the same (or closely related) parents as the other Neotropical 
tetraploids in this study with the other parent contributing the plastid genome. AFLP 
data has shown that P. masayensis is not as genetically close to P. foliosa growing at the 
same localities in Costa Rica as might be expected considering their recent hybrid 
origins; independent origins of the two species would be in line with that observation. 
This would mean that in both eastern and western hemispheres, tetraploid Polystachya 
species groups have multiple origins and indicates that a high dispersal capability is a 
general characteristic of hybrids within the P. concreta/P. golungensis clade.
Additional accessions for P. concreta have not contributed greater phylogenetic 
resolution than previous studies but the Lagrange results based on a fully resolved 
Bayesian tree suggest plausible geographical patterns. The grouping of all of the 
Neotropical accessions of P. concreta and P. foliosa as a single subclade agrees with the 
results of nuclear DNA analysis (Russell et al., subm.) that show separate origins of 
Neo- and Paleotropical tetraploids, while the different affinities of Asian accessions 
from Laos and Sri Lanka support the idea of multiple long distance dispersal events 
across the Indian Ocean. Greater support from parsimony analysis would be desirable 
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to investigate these relationships further; but as seen by short branches between 
accessions from the P. concreta group in Figure 6.3, and as already described in our 
previous studies, there is little sequence divergence between genomes throughout this 
group (except between allotetraploid accessions with different maternal parents) so 
more DNA regions would clearly need to be sequenced.
Among African species, subdivision of distribution areas gave mixed results: our 
previous study using a simpler partitioning of distribution areas generated less 
ambiguous results at a deeper phylogenetic level than the current study. This is 
because increasing the number of possible distributions of ancestral nodes available to 
Lagrange decreases the likelihood that a particular ancestral distribution is the correct 
one, given the available evidence. Clades I and II are still shown here to have 
originated from endemic western African lineages. 
There were few examples of ancestral areas differing from the current 
distribution areas of the daughter species: the inferred origins of the large P. eurychila/
P. concreta clade and clade V in north eastern Africa are two examples. However, 
assigning species to smaller areas highlighted several smaller clades either endemic to 
one or other of those areas or with their phylogenetic origins there. Examples are the P. 
valentina/P. lawrenceana clade in the SE area, and the P. undulata/P. poikilantha clade in 
the NE area. There was insufficient evidence to reliably infer the ancestral distributions 
of most of the large clades and it would not be reasonable, for example, to deduce that 
the early evolution of the genus took place in the Eastern Arc Mountains. This was not 
an unreasonable question; this system of mountain ranges has existed for over 30 Myr 
and has been remarkably environmentally stable over that time period (Burgess et al., 
2007; Lovett et al., 2005). However, in other parts of Africa geological and climatic 
conditions are likely to have changed substantially during the evolution and 
diversification of Polystachya. More complete taxon sampling, especially from the early-
diverging clades, might give more insights in the early evolution of the genus but the 
dynamic nature of habitats and climates over long periods of time would have to be 
carefully considered when interpreting such results. 
Considering the divide between eastern and western distribution areas found by 
our previous study, this disjunction between eastern and western wet tropics is 
commonly seen among African species and genera (Brenan, 1978; de Klerk et al., 2002; 
Polhill & Lovett, 1995) and could date from Miocene changes in landform or more 
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recent Pleistocene climatic fluctuations (Lovett et al., 2005). We noted that tropical 
forests in the eastern area tend to be more montane and might have been more able to 
survive Pleistocene/Pliocene climate fluctuations through elevational range fluctuation 
over relatively short distances (Ehrich et al., 2007; Kiage & Liu, 2006). Although some 
Polystachya species endemic to eastern Africa are restricted to lowland forests and some 
western endemics occur in montane forests (Figure 6.3), there is a clear bias towards 
higher altitude forests among species endemic to the eastern area. Species endemic to 
either area tend to be restricted to smaller altitude ranges than those that are 
widespread throughout Africa, giving an indication that increased geographical range 
is correlated with increased environmental tolerance. 
The reason for the observed bias in dispersal from western to eastern areas could 
be that montane forests in eastern and western Africa are separated by large expanses 
of lowland forest (Mayaux et al., 2004), which have been periodically eliminated by 
climatic cycles over the last 2.5 Myr (Cohen et al., 2007). This would be a substantial 
dispersal barrier to species restricted to montane or submontane forests, including 
most of the eastern African endemics. 
The two species in this study that have originated in the eastern African clades IV 
and V but become widespread, P. cultriformis and P. fusiformis are notable for having an 
ecological amplitude and dispersal capability unusual among their sister species. They 
are found in subtropical deciduous forest areas, disturbed anthropogenic habitats and 
wet tropical forests at a wide range of altitudes, and have dispersed over some 
expanses of open ocean to reach Madagascar, Mauritius, Reunion and the Seychelles. 
This ecological tolerance seems more common in western African clades, suggesting 
that lowland forest species are more able to colonise higher altitude forests than the 
inverse. Some species in clade III and the P. concreta species group, as discussed above, 
are exceptional for their dispersal capability and ability to colonise new areas, and in 
some areas have a preference for drier, exposed sites where few other epiphytes can 
survive, for example conifer stands in farmland in central America or Eucalyptus groves 
by roadsides in Africa. That being the case, some Polystachya species might have 
enjoyed significant range expansions during aridification cycles, instead of being 
confined to small areas of surviving rainforest.
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Chapter 7
CONCLUSIONS
In this study my coauthors and I were able to use plastid DNA sequences to 
construct for the first time a strong hypothesis for Polystachya evolution. Plastid trees 
had good levels of branch support at all phylogenetic levels, and the results presented 
in this study should be of use in revising the infrageneric clasification. The 
phylogenetic distribution of polyploids confirmed the prevalence of polyploidy among 
species that had dispersed away from Africa. It also showed that polyploidy has 
occurred frequently in the genus among African species, and that some species occur in 
two or more ploidy levels. The use of flow cytometry to measure genome size as a 
substitute for chromosome counts enabled us to gather more ploidy data than would 
have been possible using chromosome counts alone, especially for species with 
difficult, highly mucilaginous tissues.
We were able to use plastid data to show that dispersal patterns of species in 
Africa have an eastern/western phylogenetic split, with the early divergences of some 
clades apparently restricted to one of those two main areas. Recognising more areas for 
biogeographic analysis did not produce such clear patterns at deep phylogenetic levels, 
but it highlighted the tendency of some clades to remain associated with smaller areas. 
The tendency of more widespread species to have arisen from western lineages could 
be the result of greater ecological tolerance among those lineages, possibly encouraged 
by recent climatic upheaval in the African tropics. The lack of segregation of 
widespread species into endemic eastern or western daughter species (indicated by 
species endemic to east or west Africa only occurring in clades with other east or west 
Africa endemics) suggests that many widespread species have only expanded their 
ranges recently. This might have occurred in association with cycles of forest reduction 
and expansion during the Pleistocene epoch. 
The contrast between these patterns of endemism in the core of the genus and the 
rapid, pantropical dispersal of one species group is striking. The rapid evolution of this 
group was apparent from low levels of divergence in plastid DNA sequences. This was 
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in line with the morphological similarities that led much of the group to be placed in 
the one species P. concreta. However, Nuclear DNA provided more information about 
the group's origins than plastid DNA.
The utility of nuclear low-copy sequences for investigating reticulate evolution 
was demonstrated in Chapter 4. Despite different phylogenetic results for each locus 
analysed, filtering out incongruent clades that were unique to a single gene tree 
resulted in little remaining evidence of reticulation among diploid species. The 
application of similar techniques to duplicated genes in tetraploids allowed us to 
substantially modify our views of the evolution of two major species groups. Multiple 
origins of the pantropical group and separate dispersals to the Neotropics and towards 
Asia (each apparently more than once) suggest that the unusually high dispersal 
capability of these species has developed multiple times as a result of the mixing of 
two diploid genomes of species that do not have this trait. Conversely, a high level of 
morphological divergence among another group of allotetraploids endemic to 
Madagascar and the Comoros might be the result of its origins in a pool of hybrids (if 
not a unique hybridisation event) between more distantly related parents. The 
expansion of this work to cover other polyploid groups would be give a more complete 
picture of reticulation in the genus and strengthen the phylogenetic results further. As 
with other aspects of this project, greater taxon sampling would be desirable.
A separate AFLP study showed that despite recent, hybrid origins and 
overlapping distributions, members of the pantropical group function as good 
biological species with only limited introgression. This has implications for the 
taxonomic treatment of this group, and indicates that combining much of the diversity 
within the P. concreta species concept is not a satisfactory treatment. The separate 
origins of Pantropical and Neotropical members of the group, and the fact that 
Neotropical members of P. concreta appear genetically closer to Neotropical members of 
different species than to Paleotropical members of the same species, also indicate that 
the group should be separated and species concepts redefined.
The AFLP study would benefit from greater taxon sampling to strengthen these 
conclusions. Most of the evolutionary patterns found by this project are robust even 
though many species were not available for molecular analysis. The accessions 
included here were representative of the genus as in their geographical, morphological, 
cytological and taxonomic coverage; only some species with highly divergent 
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morphologies were absent, and determining their phylogenetic position within the 
genus would be interesting for future investigations when material becomes available.
Future work might also include attempts to date the main clades; this would be 
useful in interpreting biogeographical results especially. Molecular clock studies have 
become popular, but their use in Orchidaceae has been hampered by a shortage of 
calibration points for internal nodes. Recently, some orchid fossils have been 
discovered (Conran et al., 2009; Ramírez et al., 2007), and it is likely that molecular 
dating in Orchidaceae will increase in reliability as more are found and dated. From a 
single fossil Goodyerinae (Orchidoideae) fossil dated at 15–20 Myr, subfamilies 
Epidendroideae and Orchidoideae are calculated to have shared a common ancestor in 
the late Cretaceous or early Paleocene between 60–70 Myr ago, and current 
Epidendroideae lineages appear to have started diverging in the late Paleocene/early 
Eocene (Ramírez et al., 2007).
Identifying morphological synapomorphies for the clades found by this study 
will require further work. The presence of setose, subulate or aristate bracts could be a 
synapomorphy for our clade I. Branching structures of cylindrical to fusiform, 
superposed pseudobulbs, with the new pseudobulb developing from the apex of the 
old one, define a clade containing most members of section Superpositae. Other aspects 
of plants' habit and morphology that we set out to investigate or for which data was 
available from the literature, such as a terrestrial habit, pseudobulbs unifoliate, leaves 
shed at anthesis, or pseudobulbs absent, had either no phylogenetic pattern or were 
not synapomorphic. Certain combinations of such characters might turn out to be 
synapomorphic given further study; but this was not possible to ascertain within the 
scope of this project. Joanna Mytnik-Esjmont and colleagues at Gdansk University are 
working on the genus using traditional herbarium taxonomy and morphological 
analysis combined with results from DNA data. The large number of species and the 
distribution of specimens among many herbaria makes detailed morphological work a 
challenging task. Some species have only been collected rarely, making herbarium 
work difficult. Even in some more extensively collected groups species concepts are 
difficult to define because a wide range of continuous variation can occur between two 
morphological extremes (e.g. P. concreta, P. galeata). However, the production of a new 
revision of the genus to bring together our current state of knowledge on the evolution 
and biodiversity of Polystachya would be a very useful undertaking, and would make 
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this difficult genus more accessible to biologists and conservationists working in the 
tropics.
Further biological questions could be suggested for future work. For example, 
the long distance dispersal capability shown by some species is unusual in orchids. 
Orchid seeds are released in great quantities. They are small with an internal air space 
reducing their density, and appear well-adapted for wind-dispersal. Studies have 
found that they do not usually settle far from the parent plant (Carey, 1998; Murren & 
Ellison, 1998b), but there are enough recorded instances of long-distance dispersal to 
suppose that occasionally seeds can be picked up in the atmosphere and carried long 
distances (Arditti & Ghani, 2000). Water and animal-mediated dispersal is also possible 
(Arditti & Ghani, 2000). The ability of seeds to remain viable after such events could 
limit incidents of long distance dispersal, considering their lack of a hardened seed coat 
and energy reserves. Their dependence on micorrhizal interactions for successful 
germination can also limit their ability to colonise new habitats (Bidartondo & Read, 
2008). It would be interesting to study the pantropical group in more detail to find out 
if they have acquired evolutionary innovations absent from their African relatives, and 
whether they arose directly as a result of polyploidy. The presence of at least one 
diploid species in South America (P. pinicola in this study) shows that polyploidy was 
not a prerequisite for their dispersal out of Africa, but the dominance of polyploids 
among this group suggests that it helped. This would agree with the common finding 
that hybrids may exhibit characters and occupy niches outside the range of variation of 
both parent species (Brochmann et al., 2004; Comai, 2005; Leitch & Leitch, 2008).
As a first attempt to uncover the relationships of this large genus, the scope of 
this project has been broad and relatively few taxa or phenomena could be studied in 
great depth. However, the work done here has opened up the genus to further study, 
raised new questions for future work, and given pre-existing questions a much-needed 
phylogenetic frame of reference.
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APPENDICES
APPENDIX 1
Accession list for Chapters 2 & 6. 
Legend: Taxon: number: provenance, Kew DNA [Kew DNA bank accession 
number], Kew living collection number, HBV (University of Vienna botanical garden) 
living collection number, voucher specimen details, GenBank accession numbers for 
rps16-trnK/psbD-trnT sequences.
Outgroup: 
Adrorhizon purpurascens Hook.f.: Sri Lanka, Kew DNA 15745, Chase 15745 (K), 
GQ145084/GQ144965. 
Anselia africana Lindl.: HBV 142/90. 
Bromheadia finlaysoniana (Lindl.) Miq.: Brunei, Kew DNA 21766, Duangjai 039 
(BRUN, K), GQ145085/GQ144966. 
Bromheadia srilankensis Kruiz & de Vogel: Sri Lanka, Kew DNA 15746, Chase 15746 
(K), GQ145086/—. 
Phalaenopsis aphrodite Rchb.f. ssp. formosana Christenson ‘Taisugar TS-97’: complete 
plastid genome AY916449. 
Sirhookera lanceolata Kuntze: Sri Lanka, Kew DNA 15748, Chase 15748 (K), 
GQ145211/GQ145083.
Ingroup: 
Polystachya adansoniae Rchb.f.: 1: Nigeria, Kew DNA 17957, Bytebier 429/94/469 (EA), 
GQ145088/GQ144968. 2: Cameroon, A. Russell 92 (YA), GQ145089/—. 
Polystachya affinis Lindl.: Nigeria, Kew DNA 21165, Chase 21165 (K), GQ145090/
GQ144969. 
Polystachya albescens Ridl. subsp. imbricata (Rolfe) Summerh.: HBV ORCH06240, A. 
Russell ORCH06240 (WU), GQ145091/GQ144970. 
Polystachya alpina Lindl.: 1: Cameroon, A. Russell 67 (YA), GQ145092/GQ144971. 2: 
Cameroon, A. Russell 83 (YA), GQ145093/GQ144972. 
Polystachya anceps Ridl.: 1*: Madagascar, Fischer & Sieder FS4068 (WU), GQ145094/
GQ144973. 2: Madagascar, living collection of I. la Croix, via Malala Orchids. 3: 
Madagascar, living collection of I. la Croix, sent as “P. rhodochila”). 
Polystachya bancoensis Burg: HBV ORCH08136. 
Polystachya bella Summerh.: Kenya, Kew DNA 17950, Bytebier 783 (EA), GQ145095/
GQ144974. 
Polystachya bennettiana Rchb.f.: 1: Kenya, Kew DNA 17958, Bytebier 338/94/418 (EA), 
GQ145096/GQ144975. 2: Kew DNA 19186, Mugambi & Odhiambo 81/01 (EA), 
GQ145097/GQ144976. 
Polystachya bicalcarata Kraenzl.: Cameroon, A. Russell 81 (YA), GQ145098/
GQ144977. 
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Polystachya bicarinata Rendle: Kenya, Kew DNA 17959, Bytebier 621/95/1226 (EA), 
GQ145099/GQ144978. 
Polystachya bifida Lindl.: 1: São Tomé, Kew DNA 25885, Kew living collection: 
2001-3989, GQ145100/GQ144979. 2: Cameroon, A. Russell 71 (YA), GQ145101/
GQ144980. 
Polystachya caespitifica Kraenz. subsp. hollandii P.J.Cribb & Podz.: Zimbabwe, living 
collection of I. la Croix. 
Polystachya caespitifica Kraenz. subsp. latilabris (Summerh.) P.J.Cribb & Podz.: 1: 
Kenya, Kew DNA 17960, PCP (Plant Conservation Program of the East African 
National Museum) 187/95/718 (EA), GQ145102/GQ144981. 2:  HBV ORCH06423, 
A. Russell ORCH06423 (WU), GQ145103/GQ144982. 3: HBV ORCH07246. 
Polystachya calluniflora Kraenzl.: Cameroon, A. Russell 63 (YA), GQ145104/
GQ144983. 
Polystachya caloglossa Rchb.f.: 1: Cameroon, A. Russell 41 (YA), GQ145105/—. 2: 
Cameroon, A. Russell 104 (YA), GQ145106/GQ144984. 
Polystachya campyloglossa Rolfe: 1: HBV ORCH07312, A. Russell ORCH07312 (WU), 
GQ145107/GQ144985. 2: HBV ORCH06244, photo voucher, GQ145108/
GQ144986. 
Polystachya clareae Hermans: Madagascar, Fischer & Sieder s.n., 27 Jan. 2007 (WU), 
GQ145109/GQ144987. 
Polystachya concreta (Jacq.) Garay & H.R.Sweet: 1: Madagascar, Kew DNA 17854, 
Chase 17854 (K), GQ145110/GQ144988. 2: Madagascar, Kew DNA 17859, Chase 
17859 (K), GQ145111/GQ144989. 3: Madagascar, Kew DNA 17860, Chase 17860 
(K), GQ145112/GQ144990. 4: Madagascar, Fischer & Sieder FS3210 (WU), 
GQ145113/GQ144991. 5 (=P. estrellensis Rchb.f.): Brazil , HBV ORCH06604, A. 
Russell ORCH06604, GQ145114/—. 6: Cameroon, A. Russell 40 (YA), GQ145115/
GQ144992. 7: Laos, HBV ORCH07344, photo voucher, GQ145116/GQ144993. 8: 
Mauritius, HBV ORCH07278, GQ145118/GQ144994. 9: Reunion, HBV “Chase & 
Samuel Reunion 1”, GQ145117/GQ144995. 10: Comoros, HBV ORCH07417, 
photo voucher, GQ145119/GQ144996. 11: (=P. bicolor Rolfe) Seychelles, Kew 
DNA 25884, Kew living collection 2003-406, A. Russell Kew-2003-406 (WU), 
GQ145120/GQ144997. 12: Madagascar, HBV FS4072, Fischer & Sieder FS4072 
(WU). 13: Venezuela, HBV ORCH06242. 14: Madagascar, HBV FS3991, Fischer & 
Sieder FS3991 (WU). 15: Madagascar, HBV FS806, Fischer & Sieder FS806 (WU). 16: 
Madagascar, HBV FS918, Fischer & Sieder FS918 (WU). 17: Venezuela, HBV 
ORCH08068, A. Russell ORCH08068 (WU). 18: Venezuela, HBV ORCH06361. 19: 
Madagascar, HBV FS1053, Fischer & Sieder FS1053 (WU). 20: Laos, HBV 
ORCH06415, A. Russell ORCH06415 (WU). 21: Reunion, HBV ORCH06417. 22: 
Gabon, living collection of I. la Croix. 23: Sri Lanka, Samuel & Fernando P4 (PDA). 
Polystachya confusa Rolfe: Kenya, Kew DNA 17947, Bytebier et al. 122 (EA), 
GQ145121/GQ144998. 
Polystachya coriscensis Rchb.f.: HBV ORCH07314, A. Russell ORCH07314 (WU) 
GQ145122/GQ144999. 
Polystachya cornigera Schltr.: Madagascar, Fischer & Sieder FS3208 (WU), GQ145123/
—. 
Polystachya cultriformis (Thouars) Lindl. ex Spreng.: 1: Kew DNA 19182, Mugambi & 
Odhiambo 054/98/1607 (EA), GQ145124/GQ145000. 2: Madagascar, Fischer & Sieder 
FS1045 (WU), GQ145125/GQ145001. 3: Kew DNA 19183, Mugambi & Odhiambo 
047/98/1607 (EA). 
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Polystachya dendrobiiflora Rchb.f.: 1: Kenya, Kew DNA 17962, PCP (Plant Conservation 
Program of the East African National Museum) 063/98/1621 (EA), GQ145126/
GQ145002. 2: Kew DNA 19184, Mugambi & Odhiambo 064/98/1622 (EA), 
GQ145127/GQ145003. 
Polystachya disiformis P.J.Cribb: living collection of I. la Croix. 
Polystachya dolichophylla Schltr.: 1*:Cameroon, Kew DNA 25886, Chase 25886 (K), 
GQ145128/GQ145004. 2: HBV ORCH03072, photo voucher. 
Polystachya elegans Rchb.f.: 1*: Cameroon, A. Russell 74 (YA), GQ145129/GQ145005. 2: 
Congo, la Croix 1154 (K). 
Polystachya eurychila Summerh.: Kenya, Kew DNA 17963, Bytebier 337/94/417 (EA), 
GQ145130/GQ145006. 
Polystachya eurygnatha Summerh.: photo voucher, GQ145131/GQ145007. 
Polystachya fallax Kraenzl.: Uganda, Kew DNA 17922, Chase 17922 (K), GQ145132/
GQ145008. 
Polystachya fischeri Rchb.f. ex Kraenzl.: 1: Kenya, Kew DNA 17964, Pearce 616/94/607 
(EA), GQ145133/GQ145009. 2: Kenya, Kew DNA 17965, Bytebier 674/95/1280 
(EA), GQ145134/GQ145010. 
Polystachya foliosa (Hook.) Rchb.f.: 1: Dominica, Kew DNA 25887, Kew living 
collection 2001-3986, GQ145135/GQ145011. 2: Venezuela, HBV ORCH07028, 
GQ145136/—. 3: Costa Rica, Pupulin & Castelfranco s.n. (JBL). 
Polystachya fulvilabia Schltr.: “Congo”, Kew DNA 17855, Chase 17855 (K), GQ145137/
GQ145012. 
Polystachya fusiformis (Thouars) Lindl.: Madagascar, Fischer & Sieder FS621 (WU), 
GQ145138/GQ145013. 
Polystachya galeata (Sw.) Rchb.f. 1: Kew DNA O-1496, Chase O-1496 (K), GQ145139/
GQ145014. 2: Sierra Leone, Kew 14650, Chase 14650 (K), GQ145140/GQ145015. 3: 
Kew DNA 9041, “C283” (K). 4: HBV ORCH05173. 
Polystachya goetziana Kraenzl.: Kenya, Kew DNA 17955, Bytebier 1772 (EA), 
GQ145141/GQ145016. 
Polystachya golungensis Rchb.f. 1: Kenya, Kew DNA 17966, Bytebier 582/95/1156 (EA), 
GQ145142/GQ145017. 2: HBV ORCH05170, A. Russell ORCH05170 (WU), 
GQ145143/GQ145018. 
Polystachya aff. heckmanniana Kraenzl.: Malawi, photo voucher, GQ145144/
GQ145019. 
Polystachya henrici Schltr.: Madagascar, Kew DNA 17856, Chase 17856 (K), GQ145145/
GQ145020. 
Polystachya holstii Kraenzl.: Kenya, Kew DNA 19260, Bytebier 071/98/1629 (EA), 
GQ145146/GQ145021. 
Polystachya humbertii H.Perrier: 1: Madagascar, Fischer & Sieder FS2079 (WU), 
GQ145147/GQ145022. 2: Madagascar, Fischer & Sieder FS3017 (WU), GQ145148/
GQ145023. 
Polystachya johnstonii Rolfe: HBV ORCH06241, photo voucher, GQ145149/
GQ145024. 
Polystachya kermisina Kraenzl.: Rwanda, HBV ORCH07240, photo voucher, 
GQ145150/GQ145025. 
Polystachya laurentii De Wild.: photo voucher, GQ145151/GQ145026. 
Polystachya lawrenceana Kraenzl.: Malawi, HBV ORCH06412, photo voucher, 
GQ145152/GQ145027. 2: HBV ORCH07313. 
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Polystachya laxiflora Lindl.: HBV ORCH07315, A. Russell ORCH07315 (WU), 
GQ145153/GQ145028. 
Polystachya lindblomii Schltr.: Kenya, Kew DNA 17967, Bytebier 1142/98/1695 (EA), 
GQ145154/GQ145029. 
Polystachya longiscapa Summerh.: Tanzania, HBV ORCH06411, GQ145155/
GQ145030. 
Polystachya maculata P.J.Cribb: Burundi, HBV ORCH07263, photo voucher, 
GQ145156/GQ145031. 
Polystachya masayensis Rchb.f.: 1: Costa Rica, Karremans 906 (JBL). 2: Costa Rica, 
Bogarín 4068 (JBL). 
Polystachya melanantha Schltr.: Kenya, Kew DNA 17954, Bytebier 1783 (EA), 
GQ145157/GQ145032. 
Polystachya melliodora P.J.Cribb: Tanzania, Kew DNA 17923, Chase 17923 (K), 
GQ145158/GQ145033. 
Polystachya modesta Rchb.f.: 1*: HBV ORCH05165, GQ145159/GQ145034. 2: living 
collection of I. la Croix. 
Polystachya monophylla Schltr.: Madagascar, Fischer & Sieder FS3042 (WU), 
GQ145160/GQ145035. 
Polystachya mukandaensis De Wild.: living collection of I. la Croix. 
Polystachya neobenthamia Schltr.: HBV ORCH07214, photo voucher, GQ145087/
GQ144967. 
Polystachya cf. nyanzensis Rendle: 1: Cameroon, A. Russell 99 (YA), GQ145161/
GQ145036. 2: Cameroon, A. Russell 100 (YA), GQ145162/GQ145037. 3: HBV 
ORCH06425, photo voucher, GQ145163/GQ145038. 
Polystachya odorata Lindl.: 1: Nigeria, Kew DNA 17857, Chase 17857 (K), GQ145164/
GQ145039. 2: Cameroon, A. Russell 42 (YA), GQ145165/GQ145040. 3: HBV 
408/96, A. Russell 408/96 (WU). 
Polystachya oreocharis Schltr.: 1: Madagascar, Fischer & Sieder FS2082 (WU), 
GQ145166/GQ145041. 2: Madagascar, Fischer & Sieder FS3152 (WU), GQ145167/
—. 
Polystachya ottoniana Rchb.f.: Kew DNA 25888, Kew living collection 2005-964, 
GQ145168/GQ145042. 
Polystachya pachychila Summerh.: HBV ORCH07310, A. Russell ORCH07310, 
GQ145169/GQ145043. 
Polystachya paniculata (Sw.) Rolfe: 1: Ethiopia, Kew DNA 25889, Kew living 
collection 1984-4977, GQ145170/GQ145044. 2: Cameroon, L. Pearce 27 (YA), 
GQ145171/—. 3: HBV O99B26. 
Polystachya piersii P.J.Cribb: 1: Kenya, Kew DNA 17948, Bytebier et al. 101/95/1186 
(EA), GQ145172/GQ145045. 2: Kew DNA 19185, Bytebier et al. 136/95/1207 (EA), 
GQ145173/GQ145046. 
Polystachya pinicola Barb.Rodr.: Brazil, HBV ORCH06606, GQ145174/GQ145047. 
Polystachya poikilantha Kraenzl.: 1: Kenya, Kew DNA 17953, Bytebier 956/97 (EA), 
GQ145175/GQ145048. 2: Kenya, Kew DNA 19261, Bytebier 956/97/524 (EA), 
GQ145176/GQ145049. 
Polystachya poikilantha Kraenzl. var. leucorhoda (Kraenzl.) P.J.Cribb & Podz.: HBV 
ORCH06272, photo voucher, GQ145177/GQ145050. 
Polystachya polychaete Kraenzl.: “Congo”, Kew DNA 25890: Kew living collection 
2001-3987, GQ145178/GQ145051. 
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Polystachya pubescens (Lindl.) Rchb.f.: 1: Kew DNA O-700, Kurzweil 1849, GQ145179/
GQ145052. 2: HBV ORCH05171, A. Russell ORCH05171 (WU) GQ145180/
GQ145053. 
Polystachya purpureobracteata P.J.Cribb & la Croix: Malawi, HBV ORCH07384, photo 
voucher, GQ145181/GQ145054. 
Polystachya ramulosa Lindl.: Cameroon, A. Russell 55 (YA), GQ145182/GQ145055. 
Polystachya cf. rhodoptera Rchb.f.: São Tomé, Kew DNA 25891, Kew living collection 
2001-3973, GQ145183/GQ145056. 
Polystachya cf. rosea Ridl.: 1: Madagascar, Fischer & Sieder FS3025 (WU), GQ145184/
GQ145057. 2: Madagascar, Fischer & Sieder FS796 (WU) GQ145185/GQ145058. 
Polystachya seticaulis Rendle: “Congo”, Kew DNA 17924, Chase 17924 (K), 
GQ145186/GQ145059. 
Polystachya setifera Lindl.: Kew DNA O-1493, Chase O-1493 (K), GQ145187/
GQ145060. 
Polystachya spatella Kraenzl.: 1: Kenya, Kew DNA 17951, Bytebier 949 (EA), 
GQ145188/GQ145061. 2: Kenya, Kew DNA 19263, Khayota 381 (EA), GQ145189/
GQ145062. 
Polystachya steudneri Rchb.f.: Kenya, Kew DNA bank 17956, Bytebier 712/95/1305 
(EA), GQ145190/GQ145063. 
Polystachya supfiana Schltr.: Cameroon, A. Russell 51 (YA), GQ145191/GQ145064. 
Polystachya teitensis P.J.Cribb: Kenya, living collection of I. la Croix. 
Polystachya tenella Summerh.: 1: Kenya, Kew DNA 17952, Bytebier 955/97/1524 (EA), 
GQ145193/GQ145066. 2: Kenya, Kew DNA 19262, Bytebier 955/97/1523 (EA), 
GQ145194/GQ145067. 
Polystachya tenuissima Kraenzl.: Kenya, Kew DNA 17968, Bytebier 428/94/468 (EA), 
GQ145195/GQ145068. 
Polystachya thomensis Summerh.: Sao Tome, Kew DNA 17858, Chase 17858 (K), 
GQ145196/GQ145069. 
Polystachya transvaalensis Schltr.: 1: Kenya, Kew DNA 17969, Bytebier 951/97/1519 
(EA), GQ145197/GQ145070. 2: Kenya, Kew DNA 19264, Bytebier & Luke 1774 
(EA), GQ145198/—. 
Polystachya tsaratananae H.Perrier: 1: Madagascar, Kew DNA 17861, Chase 17861 (K), 
GQ145199/GQ145071. 2: Madagascar, Fischer & Sieder FS642 (WU), GQ145200/
GQ145072. 3: Madagascar, Fischer & Sieder FS607 (WU). 
Polystachya tsinjoarivensis H.Perrier: 1: Madagascar, Fischer & Sieder FS3209 (WU), 
GQ145201/GQ145073. 2: Madagascar, HBV FS4182, photo voucher, GQ145202/
GQ145074. 
Polystachya undulata P.J.Cribb & Podz: Kew DNA 17862, Chase 17862 (K), GQ145203/
GQ145075. 
Polystachya vaginata Summerh.: 1: Kenya, Kew DNA 17949, Bytebier 566/95/1140 (EA), 
GQ145204/GQ145076. 2: Kenya, Kew DNA 19265, Bytebier 452/97/1587 (EA), 
GQ145205/GQ145077. 
Polystachya valentina la Croix & P.J.Cribb: Zimbabwe, photo voucher. Polystachya 
villosa Rolfe: HBV ORCH07216, A. Russell ORCH07216 (WU), GQ145192/
GQ145065. 
Polystachya virescens Ridl.: Madagascar, Fischer & Sieder FS1002 (WU), GQ145206/
GQ145078. 
Polystachya virginea Summerh.: Tanzania, HBV ORCH06422, GQ145207/GQ145079. 
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Polystachya vulcanica Kraenzl. var. aconitiflora (Summerh.) P.J. Cribb & Podz.: Kew 
DNA 17863, Chase 17863 (K), GQ145208/GQ145080. 
Polystachya vulcanica Kraenzl. var. vulcanica: 1: Kenya, Kew DNA 19266, Bytebier 
954/97/1522 (EA), GQ145209/GQ145081. 2: HBV ORCH06284. 
Polystachya zambesiaca Rolfe: Malawi, photo voucher, GQ145210/GQ145082.
156
APPENDIX 2
Accession list for Chapter 4.
Legend: Taxon: number: provenance, Kew DNA [Kew DNA bank accession 
number], Kew living collection number, HBV (University of Vienna botanical garden) 
living collection number, voucher specimen details, GenBank accession numbers for 
rps16-trnK/ITS/PgiC/PhyC/Rpb2 sequences.
Outgroup:
Adrorhizon purpurascens Hook.f.: Sri Lanka, Kew DNA 15745, Chase 15745 (K), 
GQ145084/GU556630/GU556780/GU556699/—.
Bromheadia finlaysoniana (Lindl.) Miq.: Brunei, Kew DNA 21766, Duangjai 039 
(BRUN, K), GQ145085/GU556631/GU556781/GU556700/—.
Ingroup:
Polystachya adansoniae Rchb.f.: Nigeria, Kew DNA 17957, Bytebier 429/94/469 (EA), 
GQ145088/GU556632/GU556782/GU556701/GU556852.
Polystachya affinis Lindl.: Nigeria, Kew DNA 21165, Chase 21165 (K), GQ145090/
GU556633/GU556783/GU556702/GU556853.
Polystachya alpina Lindl.: Cameroon, A. Russell 67 (YA), GQ145092/GU556634/
GU556784/GU556703/GU556854.
Polystachya anceps Ridl.: Madagascar, Fischer & Sieder FS4068 (WU), GQ145094/
GU556692/—/GU556755-GU556756/—.
Polystachya bicalcarata Kraenzl.: Cameroon, A. Russell 81 (YA), GQ145098/
GU556694/—/GU556704/GU556855.
Polystachya bicarinata Rendle: Kenya, Kew DNA 17959, Bytebier 621/95/1226 (EA), 
GQ145099/GU556635/GU556785/GU556705/GU556856.
Polystachya bicolor Rolfe (=P. concreta (Jacq.) Garay & H.R.Sweet): Seychelles, Kew 
DNA 25884, Kew living collection 2003-406, A. Russell Kew-2003-406 (WU), 
GQ145120/GU556686/GU556836-GU556837/GU556760-GU556761/GU556907-
GU556908.
Polystachya bifida Lindl.: São Tomé, Kew DNA 25885, Kew living collection: 
2001-3989, GQ145100/GU556636/GU556787/GU556706/GU556857.
Polystachya caespitifica Kraenz. subsp. latilabris (Summerh.) P.J.Cribb & Podz.: HBV 
ORCH06423, A. Russell ORCH06423 (WU), GQ145103/GU556637/—/GU556707/
GU556858.
Polystachya calluniflora Kraenzl.: Cameroon, A. Russell 63 (YA), GQ145104/
GU556638/GU556788/GU556708/GU556859.
Polystachya caloglossa Rchb.f.: Cameroon, A. Russell 104 (YA), GQ145106/GU556639/
GU556789/GU556709/GU556860.
Polystachya clareae Hermans: Madagascar, Fischer & Sieder s.n., 27 Jan. 2007 (WU), 
GQ145109/GU556684/GU556833/GU556757-GU556758/GU556904.
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Polystachya concreta (Jacq.) Garay & H.R.Sweet: 1: Madagascar, Kew DNA 17854, 
Chase 17854 (K), GQ145110/GU556685/GU556834-GU556835/GU556759/
GU556905-GU556906. 2: Laos, HBV ORCH07344, photo voucher, GQ145116/—/
—/—/GU556911-GU556912. 3: Mauritius, HBV ORCH07278, GQ145118/
GU556687/GU556840-GU556841/GU556764-GU556765/GU556913-GU556914. 4: 
Reunion, HBV “Chase & Samuel Reunion 1”, GQ145117/GU556688/—/
GU556766-GU556767/GU556914-GU556915. 5: Comoros, HBV ORCH07417, 
photo voucher, GQ145119/GU556698/GU556842-GU556843/GU556768-
GU556769/GU556915-GU556916. 6: Venezuela, HBV ORCH08068, —/—/
GU556844-GU556845/—/—. 7: Venezuela, HBV ORCH06361, —/—/GU556846-
GU556847/GU556770-GU556771/GU556917-GU556918. 8: Laos, HBV 
ORCH06415, A. Russell ORCH06415 (WU), —/—/GU556848-GU556849/—/
GU556919-GU556920.
Polystachya confusa Rolfe: Kenya, Kew DNA 17947, Bytebier et al. 122 (EA), 
GQ145121/GU556640/GU556790/GU556710/GU556861.
Polystachya coriscensis Rchb.f.: HBV ORCH07314, A. Russell ORCH07314 (WU) 
GQ145122/GU556641/GU556791/GU556711/GU556862.
Polystachya cornigera Schltr.: Madagascar, Fischer & Sieder FS3208 (WU), GQ145123/
GU556642/GU556792/GU556740/—.
Polystachya cultriformis (Thouars) Lindl. ex Spreng.: 1: Kew DNA 19182, Mugambi & 
Odhiambo 054/98/1607 (EA), GQ145124/GU556643/GU556793/GU556713/
GU556863. 2: Madagascar, Fischer & Sieder FS1045 (WU), GQ145125/GU556644/
GU556794/GU556714/GU556864.
Polystachya dendrobiiflora Rchb.f.: Kew DNA 19184, Mugambi & Odhiambo 
064/98/1622 (EA), GQ145127/GU556645/GU556795/GU556715/—.
Polystachya dolichophylla Schltr.: 1:Cameroon, Kew DNA 25886, Chase 25886 (K), 
GQ145128/GU556646/GU556796/GU556716/GU556865. 2: HBV ORCH03072, 
photo voucher, —/GU556647/GU556797/GU556712/GU556866.
Polystachya elegans Rchb.f.: Cameroon, A. Russell 74 (YA), GQ145129/GU556648/
GU556798/GU556718/GU556867.
Polystachya estrellensis Rchb.f. (=P. concreta (Jacq.) Garay & H.R.Sweet): Brazil, HBV 
ORCH06604, A. Russell ORCH06604, GQ145114/GU556693/GU556838-
GU556839/GU556762-GU556763/GU556909 GU556910.
Polystachya eurygnatha Summerh.: photo voucher, GQ145131/GU556649/GU556799/
GU556719/GU556868.
Polystachya fallax Kraenzl.: Uganda, Kew DNA 17922, Chase 17922 (K), GQ145132/
GU556650/—/GU556720/GU556869.
Polystachya fischeri Rchb.f. ex Kraenzl.: Kenya, Kew DNA 17964, Pearce 616/94/607 
(EA), GQ145133/GU556651/GU556800/GU556721/GU556870.
Polystachya foliosa (Hook.) Rchb.f.: Dominica, Kew DNA 25887, Kew living collection 
2001-3986, GQ145135/GU556690/—/GU556772-GU556773/GU556921-
GU556922.
Polystachya galeata (Sw.) Rchb.f. 1: Kew DNA O-1496, Chase O-1496 (K), GQ145139/
GU556652/GU556801/GU556722/GU556871. 2: Kew DNA 9041, “C283” (K), —/
GU556653/GU556802/GU556723/GU556872.
Polystachya goetziana Kraenzl.: Kenya, Kew DNA 17955, Bytebier 1772 (EA), 
GQ145141/GU556654/GU556803/GU556724/GU556873.
Polystachya golungensis Rchb.f. HBV ORCH05170, A. Russell ORCH05170 (WU), 
GQ145143/GU556655/GU556804/GU556725/GU556874.
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Polystachya aff. heckmanniana Kraenzl.: Malawi, photo voucher, GQ145144/
GU556656/GU556805/GU556726/GU556875.
Polystachya johnstonii Rolfe: HBV ORCH06241, photo voucher, GQ145149/
GU556657/GU556806/GU556727/GU556876. 
Polystachya kermisina Kraenzl.: Rwanda, HBV ORCH07240, photo voucher, 
GQ145150/GU556658/GU556807/GU556728/GU556877. 
Polystachya laxiflora Lindl.: HBV ORCH07315, A. Russell ORCH07315 (WU), 
GQ145153/GU556659/GU556808/GU556729/GU556878. 
Polystachya lindblomii Schltr.: Kenya, Kew DNA 17967, Bytebier 1142/98/1695 (EA), 
GQ145154/GU556660/GU556809/GU556730/GU556879. 
Polystachya maculata P.J.Cribb: Burundi, HBV ORCH07263, photo voucher, 
GQ145156/GU556696/GU556810/GU556731/GU556880. 
Polystachya melliodora P.J.Cribb: Tanzania, Kew DNA 17923, Chase 17923 (K), 
GQ145158/GU556661/GU556811/GU556732/GU556881. 
Polystachya modesta Rchb.f.: HBV ORCH05165, GQ145159/GU556662/GU556812/
GU556733/GU556882.
Polystachya neobenthamia Schltr.: HBV ORCH07214, photo voucher, GQ145087/
GU556663/GU556813/GU556734/GU556883. 
Polystachya odorata Lindl.: 1: Nigeria, Kew DNA 17857, Chase 17857 (K), GQ145164/
GU556664/GU556814/GU556735/GU556884. 2: Cameroon, A. Russell 42 (YA), 
GQ145165/GU556665/GU556815/GU556736/GU556885.
Polystachya ottoniana Rchb.f.: Kew DNA 25888, Kew living collection 2005-964, 
GQ145168/GU556666/GU556816/GU556737/GU556886. 
Polystachya pachychila Summerh.: HBV ORCH07310, A. Russell ORCH07310, 
GQ145169/GU556695/GU556817/GU556738/GU556887. 
Polystachya paniculata (Sw.) Rolfe: Ethiopia, Kew DNA 25889, Kew living collection 
1984-4977, GQ145170/GU556667/GU556818/GU556739/GU556888.
Polystachya pinicola Barb.Rodr.: Brazil, HBV ORCH06606, GQ145174/GU556668/
GU556819/GU556717/GU556889. 
Polystachya poikilantha Kraenzl.: Kenya, Kew DNA 19261, Bytebier 956/97/524 (EA), 
GQ145176/GU556669/GU556820/GU556741/GU556890.
Polystachya polychaete Kraenzl.: “Congo”, Kew DNA 25890: Kew living collection 
2001-3987, GQ145178/GU556670/GU556821/GU556742/GU556891. 
Polystachya cf. rosea Ridl.: Madagascar, Fischer & Sieder FS796 (WU) GQ145185/
GU556689/GU556850/GU556774-GU556775/GU556923.
Polystachya seticaulis Rendle: “Congo”, Kew DNA 17924, Chase 17924 (K), 
GQ145186/GU556671/GU556822/GU556743/GU556892. 
Polystachya setifera Lindl.: Kew DNA O-1493, Chase O-1493 (K), GQ145187/
GU556672/—/GU556744/GU556893. 
Polystachya spatella Kraenzl.: 1: Kenya, Kew DNA 17951, Bytebier 949 (EA), 
GQ145188/GU556673/GU556823/GU556745/GU556894.
Polystachya tenella Summerh.: 1: Kenya, Kew DNA 17952, Bytebier 955/97/1524 (EA), 
GQ145193/GU556674/GU556824/GU556746/GU556895. 2: Kenya, Kew DNA 
19262, Bytebier 955/97/1523 (EA), GQ145194/GU556675/GU556825/GU556747/
GU556896.
Polystachya tenuissima Kraenzl.: Kenya, Kew DNA 17968, Bytebier 428/94/468 (EA), 
GQ145195/GU556676/GU556826/—/GU556897.
Polystachya thomensis Summerh.: Sao Tome, Kew DNA 17858, Chase 17858 (K), 
GQ145196/GU556677/GU556827/GU556748/GU556898. 
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Polystachya transvaalensis Schltr.: Kenya, Kew DNA 17969, Bytebier 951/97/1519 (EA), 
GQ145197/GU556678/GU556828/GU556749/GU556899.
Polystachya tsaratananae H.Perrier: Madagascar, Kew DNA 17861, Chase 17861 (K), 
GQ145199/GU556691/GU556851/GU556776-GU556777/—.
Polystachya tsinjoarivensis H.Perrier: Madagascar, HBV FS4182, photo voucher, 
GQ145202/GU556679/GU556829/GU556750/—.
Polystachya undulata P.J.Cribb & Podz: Kew DNA 17862, Chase 17862 (K), GQ145203/
GU556680/GU556830/GU556751/GU556900.
Polystachya vaginata Summerh.: 1: Kenya, Kew DNA 17949, Bytebier 566/95/1140 (EA), 
GQ145204/GU556681/GU556831/GU556752/GU556901. 2: Kenya, Kew DNA 
19265, Bytebier 452/97/1587 (EA), GQ145205/GU556682/GU556832/GU556753/
GU556902.
Polystachya virescens Ridl.: Madagascar, Fischer & Sieder FS1002 (WU), GQ145206/
GU556697/—/GU556778-GU556779/—.
Polystachya vulcanica Kraenzl. var. vulcanica: Kenya, Kew DNA 19266, Bytebier 
954/97/1522 (EA), GQ145209/GU556683/—/GU556754/GU556903.
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APPENDIX 3
Accession list for Chapter 5.
Legend: Taxon: number: provenance, Kew DNA [Kew DNA bank accession 
number], Kew living collection number, HBV (University of Vienna botanical garden) 
living collection number, voucher specimen details, GenBank accession numbers for 
PhyC/Rpb2 sequences.
Outgroup:
Adrorhizon purpurascens Hook.f.: Sri Lanka, Kew DNA 15745, Chase 15745 (K), 
GU556699/—.
Bromheadia finlaysoniana (Lindl.) Miq.: Brunei, Kew DNA 21766, Duangjai 039 
GU556700/—.
Ingroup:
Polystachya adansoniae Rchb.f.: Nigeria, Kew DNA 17957, Bytebier 429/94/469 (EA), 
GU556701/GU556852.
Polystachya affinis Lindl.: Nigeria, Kew DNA 21165, Chase 21165 (K), GU556702/
GU556853.
Polystachya alpina Lindl.: Cameroon, A. Russell 67 (YA), GU556703/GU556854.
Polystachya bicalcarata Kraenzl.: Cameroon, A. Russell 81 (YA), GU556704/
GU556855.
Polystachya bicarinata Rendle: Kenya, Kew DNA 17959, Bytebier 621/95/1226 (EA), 
GU556705/GU556856.
Polystachya bicolor Rolfe (=P. concreta (Jacq.) Garay & H.R.Sweet): Seychelles, Kew 
DNA 25884, Kew living collection 2003-406, A. Russell Kew-2003-406 (WU), 
GU556760-GU556761/GU556907-GU556908.
Polystachya bifida Lindl.: São Tomé, Kew DNA 25885, Kew living collection: 
2001-3989, GU556706/GU556857.
Polystachya caespitifica Kraenz. subsp. latilabris (Summerh.) P.J.Cribb & Podz.: HBV 
ORCH06423, A. Russell ORCH06423 (WU), GU556707/GU556858.
Polystachya calluniflora Kraenzl.: Cameroon, A. Russell 63 (YA), GU556708/
GU556859.
Polystachya caloglossa Rchb.f.: Cameroon, A. Russell 104 (YA), GU556709/GU556860.
Polystachya concreta (Jacq.) Garay & H.R.Sweet: 1: Madagascar, Kew DNA 17854, 
Chase 17854 (K), GU556759/GU556905-GU556906. 2: Mauritius, HBV 
ORCH07278, GU556764-GU556765/GU556913-GU556914. 3: Comoros, HBV 
ORCH07417, photo voucher, GU556768-GU556769/GU556915-GU556916. 4: 
Venezuela, HBV ORCH06361, GU556770-GU556771/GU556917-GU556918. 5: 
Madagascar, Kew DNA 17860, Chase 17860 (K). 6: Reunion, HBV ORCH06417. 7: 
Reunion, HBV “Chase & Samuel Reunion 1”, GU556766-GU556767/—. 8: Laos, 
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HBV ORCH07344, photo voucher, GU556911-GU556912/GU556919-GU556920. 9: 
Laos, HBV ORCH06415, A. Russell ORCH06415 (WU). 10: Venezuela, HBV 
ORCH08068.
Polystachya confusa Rolfe: Kenya, Kew DNA 17947, Bytebier et al. 122 (EA), 
GU556710/GU556861.
Polystachya coriscensis Rchb.f.: HBV ORCH07314, A. Russell ORCH07314 (WU) 
GU556711/GU556862.
Polystachya cornigera Schltr.: Madagascar, Fischer & Sieder FS3208 (WU), GU556740/
—.
Polystachya cultriformis (Thouars) Lindl. ex Spreng.: 1: Kew DNA 19182, Mugambi & 
Odhiambo 054/98/1607 (EA), GU556713/GU556863. 2: Madagascar, Fischer & Sieder 
FS1045 (WU), GU556714/GU556864.
Polystachya dendrobiiflora Rchb.f.: Kew DNA 19184, Mugambi & Odhiambo 
064/98/1622 (EA), GU556715/—.
Polystachya dolichophylla Schltr.: 1:Cameroon, Kew DNA 25886, Chase 25886 (K), 
GU556716/GU556865. 2: HBV ORCH03072, photo voucher, GU556712/
GU556866.
Polystachya elegans Rchb.f.: Cameroon, A. Russell 74 (YA), GU556718/GU556867.
Polystachya estrellensis Rchb.f. (=P. concreta (Jacq.) Garay & H.R.Sweet):  Brazil, HBV 
ORCH06604, A. Russell ORCH06604, GU556762-GU556763/GU556909-GU556910.
Polystachya eurygnatha Summerh.: photo voucher, GU556719/GU556868.
Polystachya fallax Kraenzl.: Uganda, Kew DNA 17922, Chase 17922 (K), GU556720/
GU556869.
Polystachya fischeri Rchb.f. ex Kraenzl.: Kenya, Kew DNA 17964, Pearce 616/94/607 
(EA), GU556721/GU556870.
Polystachya foliosa (Hook.) Rchb.f.: 1: Dominica, Kew DNA 25887, Kew living 
collection 2001-3986, GU556772-GU556773/GU556921-GU556922. 2: Costa Rica, 
F. Pupulin & D. Castelfranco s.n. (JBL). 3: Venezuela, HBV ORCH07028.
Polystachya galeata (Sw.) Rchb.f. 1: Kew DNA O-1496, Chase O-1496 (K), GU556722/
GU556871. 2: Kew DNA 9041, “C283” (K), GU556723/GU556872.
Polystachya goetziana Kraenzl.: Kenya, Kew DNA 17955, Bytebier 1772 (EA), 
GU556724/GU556873.
Polystachya golungensis Rchb.f. HBV ORCH05170, A. Russell ORCH05170 (WU), 
GU556725/GU556874.
Polystachya aff. heckmanniana Kraenzl.: Malawi, photo voucher, GU556726/
GU556875.
Polystachya johnstonii Rolfe: HBV ORCH06241, photo voucher, GU556727/
GU556876. 
Polystachya kermisina Kraenzl.: Rwanda, HBV ORCH07240, photo voucher, 
GU556728/GU556877. 
Polystachya laxiflora Lindl.: HBV ORCH07315, A. Russell ORCH07315 (WU), 
GU556729/GU556878. 
Polystachya lindblomii Schltr.: Kenya, Kew DNA 17967, Bytebier 1142/98/1695 (EA), 
GU556730/GU556879. 
Polystachya maculata P.J.Cribb: Burundi, HBV ORCH07263, photo voucher, 
GU556731/GU556880. 
Polystachya melliodora P.J.Cribb: Tanzania, Kew DNA 17923, Chase 17923 (K), 
GU556732/GU556881. 
Polystachya modesta Rchb.f.: HBV ORCH05165, GU556733/GU556882.
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Polystachya neobenthamia Schltr.: HBV ORCH07214, photo voucher, GU556734/
GU556883. 
Polystachya odorata Lindl.: 1: Nigeria, Kew DNA 17857, Chase 17857 (K), GU556735/
GU556884. 2: Cameroon, A. Russell 42 (YA), GU556736/GU556885.
Polystachya ottoniana Rchb.f.: Kew DNA 25888, Kew living collection 2005-964, 
GU556737/GU556886. 
Polystachya pachychila Summerh.: HBV ORCH07310, A. Russell ORCH07310, 
GU556738/GU556887. 
Polystachya paniculata (Sw.) Rolfe: Ethiopia, Kew DNA 25889, Kew living collection 
1984-4977, GU556739/GU556888.
Polystachya pinicola Barb.Rodr.: Brazil, HBV ORCH06606, GU556717/GU556889. 
Polystachya poikilantha Kraenzl.: Kenya, Kew DNA 19261, Bytebier 956/97/524 (EA), 
GU556741/GU556890.
Polystachya polychaete Kraenzl.: “Congo”, Kew DNA 25890: Kew living collection 
2001-3987, GU556742/GU556891. 
Polystachya seticaulis Rendle: “Congo”, Kew DNA 17924, Chase 17924 (K), 
GU556743/GU556892. 
Polystachya setifera Lindl.: Kew DNA O-1493, Chase O-1493 (K), GU556744/
GU556893. 
Polystachya spatella Kraenzl.: 1: Kenya, Kew DNA 17951, Bytebier 949 (EA), 
GU556745/GU556894.
Polystachya tenella Summerh.: Kenya, Kew DNA 19262, Bytebier 955/97/1523 (EA), 
GU556746/GU556896. 2: Kenya, Kew DNA 17952, Bytebier 955/97/1524 (EA), 
GU556747/GU556895.
Polystachya tenuissima Kraenzl.: Kenya, Kew DNA 17968, Bytebier 428/94/468 (EA), 
—/GU556897.
Polystachya thomensis Summerh.: Sao Tome, Kew DNA 17858, Chase 17858 (K), 
GU556748/GU556898. 
Polystachya transvaalensis Schltr.: Kenya, Kew DNA 17969, Bytebier 951/97/1519 (EA), 
GU556749/GU556899.
Polystachya tsinjoarivensis H.Perrier: Madagascar, HBV FS4182, photo voucher, 
GU556750/—.
Polystachya undulata P.J.Cribb & Podz: Kew DNA 17862, Chase 17862 (K), GU556751/
GU556900.
Polystachya vaginata Summerh.: 1: Kenya, Kew DNA 17949, Bytebier 566/95/1140 (EA), 
GU556752/GU556901. 2: Kenya, Kew DNA 19265, Bytebier 452/97/1587 (EA), 
GU556753/GU556902.
Polystachya vulcanica Kraenzl. var. vulcanica: Kenya, Kew DNA 19266, Bytebier 
954/97/1522 (EA), GU556754/GU556903.
163

CURRICULUM VITAE
Anton Russell 
BSc, MSc
Address:  Diehlgasse 30/9, Vienna 1050, Austria
Phone:   (+43) 1 427754163
E-mail:  anton.russell@univie.ac.at
DOB:   13 Nov 1980
Nationality:  UK and New Zealand
EDUCATION
2007–2010: Doctoral studies at the University of Vienna
Currently working as a doctoral student at the Department of Systematic and 
Evolutionary Botany. The project is entitled "Molecular phylogeny, genome size and 
chromosomal evolution in Polystachya (Orchidaceae)" and funded by the Austrian 
Science Fund (FWF). My supervisor is Ao. Univ.-Prof. Dr. Rosabelle Samuel.
April 2008: Field work in Costa Rica with collaborators from the Lankester Botanical 
Garden, Cartago.
May 2007: Field work in Cameroon with a team from Royal Botanic Gardens, Kew, and 
the National Herbarium of Cameroon, Yaoundé.
2003–2004 MSc at Edinburgh University and Royal Botanic Garden Edinburgh
January 2005: MSc in Biodiversity and Taxonomy of Plants. The National 
Environmental Research Council (NERC) awarded me a full MSc studentship to attend 
this course. 
April–September 2004: Research project supervised by Dr. Toby Pennington, 
examining the potential phylogenetic significance of a 50kb plastid DNA inversion in 
papilionoid legumes.
February 2004: Botanical field course in Belize.
2000–2003 BSc at the University of Sheffield
July 2003: BSc in Plant Science, level 2.1. For my final year project I studied in situ 
mycorrhizal germination and seed mortality in the orchid Cypripedium calceolus. My 
supervisor was Dr. Jonathan Leake.
1994–1999 Eaton (City of Norwich) School
1999: Four A-levels in Biology (B), Chemistry (A) and Mathematics (A, B).
1997: Nine GCSEʼs in English, maths, science, geography, art, history and German.
165
PREVIOUS EMPLOYMENT
August–December 2006: Research Associate at Hortresearch, Auckland. Full 
time, temporary position on a kiwifruit genomics (physical mapping) project. I screened 
oligonucleotide probes designed from an EST database against BAC clones from a 
genomic library. My supervisor was Dr. Elena Hilario.
August 2005–August 2006: Research Technician at Auckland University, School 
of Biological Sciences. Full time, temporary position in a plant pathology laboratory. I 
assisted Dr. Ramesh Chavan and Assoc. Prof. Mike Pearson with the detection and 
characterisation of viruses in kiwifruit (Actinidia) held in quarantine.
November 2004–April 2005: Laboratory Technician (Virology) at Canterbury 
Health Laboratories, Christchurch. Full time, temporary position in a hospital 
laboratory, screening research samples from pneumonia patients for a range of 
respiratory viruses. I also assisted the lab's routine diagnostic work.
September 2004: Voluntary herbarium work at Royal Botanic Garden Edinburgh.
July-August 2000: Warehouse employee for Bertram Books in Norwich.
1999–2000: Casual work identifying root samples and presenting results to clients of 
Prof. JG Duckett's consultancy at Queen Mary, University of London.
PUBLICATIONS, CONFERENCES
*Corresponding author
Russell A*, Samuel R, Klejna V, Barfuss MHJ, Rupp B, Chase, MW. In revision. 
Reticulate evolution in diploid and tetraploid species of Polystachya (Orchidaceae) as 
shown by plastid DNA sequences and low-copy nuclear genes. Annals of Botany: 
provisionally accepted.
Rupp B*, Samuel R, Russell A, Temsch EM, Chase MW, Leitch IJ. In prep. Genome 
size in Polystachya (Orchidaceae) and its relationship to epidermal characters.
Russell A*, Samuel R, Rupp B, Barfuss MHJ, Šafran M, Besendorfer V, Chase MW. 
2009. Phylogenetics and cytology of a pantropical orchid genus Polystachya 
(Polystachyinae; Vandeae; Orchidaceae): evidence from plastid DNA sequence data. 
Taxon: pre-printed online at www.ingentaconnect.com/content/iapt/tax/pre-prints/
10983russel; 16 pp.
Russell A*, Samuel R, Rupp B, Barfuss MHJ, Šafran M, Klejna V, Chase MW. 2009. 
Phylogeny, cytology and biogeography of the pantropical orchid genus Polystachya. 
Systematics 2009 in Leiden. [I received a Systematics Association bursary to attend 
this conference.]
Russell A*, Samuel R, Barfuss MHJ, Rupp B, Chase MW. 2008. Molecular systematics 
of Polystachya (Orchidaceae). The fourth international conference: the comparative 
biology of the monocotyledons in Copenhagen.
166
Poster: Russell A*, Samuel R, Barfuss MHJ, Rupp B, Klejna V, Chase MW. 2009. Low 
copy nuclear genes reveal hybrid speciation in Polystachya (Orchidaceae). 
International conference on polyploidy, hybridisation and biodiversity in Saint-Malo.
Poster: Russell A*, Samuel R, Rupp B, Barfuss MHJ, Chase MW. 2008. Phylogenetics, 
African biodiversity and intercontinental dispersal in Polystachya (Orchidaceae). Xth 
Young Systematists' Forum in London.
Poster: Russell A, Rupp B, Šafran M, Samuel R*, Barfuss MHJ, Klejna V, Weiss-
Schneeweiss H, Besendorfer V, Reich D, Chase MW. 2008. Molecular systematics of 
Polystachya (Orchidaceae). Botany 2008: Botany Without Borders in Vancouver. 
Poster: Russell A*, Rupp B*, Šafran M, Samuel R*, Barfuss MHJ, Weiss-Schneeweiss 
H, Besendorfer V, Reich D, Chase MW. 2007. Molecular systematics of Polystachya 
(Orchidaceae). Orchid evolutionary biology and conservation in London.
Vienna, 25.01.2010
167
